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REVIEW OP THE DEVELOPMENT OF ENGINES SUITABLE 
FOR AERONAUTIC SERVICE— ORIGIN, MEANS USED, AND 
RESULTS. 

By Ghakles E. Ltto£e. 



Part 1 (a V-SERYICE BEQUIBEMENTS FOR AERONAUTIC ENGINES— 
POWESK VERSUS WEIGHT, RELIABILITY, AND ADAPTABILITT FAO 
TORS. 

Transportation otot land and water has been revolutionized by the 
addition of engine motive power to vehicles and boats to a degree 
that requires no study to appreciate but the contribution of the port- 
able power plant to aerial navigation is even greater. It is ftiada- 
mentally creative, for without l£e aeronautic engine air flight would 
be quite impossible. Not only does an engine constitute the essential 
element of the air craft, but the engLae must be suitable for the 
purpose; it must have certain characteristics never before required 
or produced bv engiae designers. Success in flight and improvements 
in nyiag maciiines rests absolutely upon the success with which the 
engiae and its accessories that make up the poi^lable power plant 
can be made to fulfill the new requirements peculiar to the fljrmg 
machine. Before someone flew, no one could specify just what the 
aeronautio motor should be able to do, except that, of course, it should 
be as light as possible and not stop in the air. Nor was there any 
demana for such an engine that would serve as an inducement to 
engineers fandJiar with engiae production to build one. In short, 
while those few experiment^ who were engaged ia trials of balloons 
and gliding planes felt they might be helped if they could secure a 
proper light motor, no one felt sure it would be of service if produced, 
ana of course no one could say how light it should be, or what other 
characteristics should be incorporated, except that of rehable con- 
tinuous running during a flight. Formulation of some of these speci- 
fications may be said to date from about the years 1901-2. when the 
Wrights, ^n the one hand, and Langjey, on the other, lound that 
ATpaSug engines developed for other cEsses of service were unsuitable, 
ihe nearest approach being the automobUe engine, then pretty uncer- 
tain in operation and weighing about 15 pounds per horsepower in the 
lightest lorms — a weight that would not serve even if the operator 
were willing to risk his life on the possibility of engine stoppage in 
flight. It was apparent at once that redesign for reduced weight per 
horsepower was necessary, and the Wrights proceeded to rebuild the 
automobile engine, while Manly boldly departed from any existing 
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practice aud built Ms five fixed radial cylinder engiae^ both. Manly 
and Wrights retaining the .water cooling of the most successful 
automobfle engines. Both succeeded in redudng weight enough to 
make flight possible, the Wright engine producing a horsepower with 
about 7 pounds and the Manly with about 2.4 pounds of engme weight, 
the former with a 12-horsepower, ap.d the latter with a SOlorsepower 
engine. 

Thus was flight initiated with engine redesign for weight reduc- 
tion, and so h^ flight improved in rac^e, speedy and safety, witti 
further redesign of engine in the 13 or 14 years that have elapsed 
since that time, but the end is not yet in sight. The pr(^e9S that 
has been made in engine construction, principally m Europe,' is 
tally amazing, in view of the unique character of the problem and 
the short time that has elapsed; but all this has only served to increase 
the demand of the aeronautic engiaeer on the engine desimer and 
manufacturer, so clearly and firmly is the principle established, that 
progress in nying rests fundamentally on enmne improvement. 
These years of experience, however, have resuRed in some data, 
derived largely from laboratory tests on the characteristics of the 
engines that are most successful in flight, and in some more or less 
accepted f ormxilations of the sort of service required of aero engines 
and their essential parts in addition to weight, speeds, power, and 
general rehabihty, that might be classified as adaptabihty factors. 

Any engine, for whatever service^ must be suitable, and its design 
must he based as much on the specifications for suitability involving 
these adaptability factors^ as on the fundamental principles of 
thermodynamics, stress resistance and the properties of the materials 
available, and these adaptability factors must be derived from the 
users or operators of the machm.es before the engine designer can 
interpret them, preparatory to the incorporation into the engine 
proper of those structural elements that will make it suitable. At 
Qie present time there are available some conclusions along this line 
of experience, a few of which will be quoted and summarized before 
undertaking to analyze the engine structure proper. 

After nine years' use of engiae-driven aeroplanes the engine 
structure was summed up in 1912 by Capt. H. B. Wild, Paris, as 
from his own experience as follows : 

The compaMtivelv crude aod unreliable motor that we have at our diaposal at the 
present time is no doubt^ the cause of many of the fatalities and accidents befalling 
file aeroplane. If one mil look over the acceesoriea attached to the aero engine of 
to-day, at mil be noted that it is stripped clean of everything possible which would 
add bead resistance or weight. The designer of the aero engine is too anxious to 
eliminate what be deems unnecessary parts in order to reduce the weight of the 
engine, and in doing so he often takes away the parts whidi help to sfafengthen the 
diiability and reliability of the motor. 

Few engine designers seem to appreciate the importance of etiminftting the least 
tendency toward variation of flnglnar velocity or in the torque, if the enmne is required 
to drive a propeller. The effect of continually accelerating and retarding a propter 
is most detrimental to its efficiency. * * * In front elevation an areo engine 
should be as compact as possible, so as to reduce bead resistance. 

Additional specific requirements named include — 

Ja) oil tank of six hours' capacity with reliable pump for forced feed lubrication, 
mtemal oil pipes, (6) standardize propeller bub and crank shaft end, (c) heater for 
carburetors and gravity feed of gasoline, (d) dual ignition and no loose wires, (e) 
exhaust silencer, (J) exhaust vaKre lifters for stopping and compression release for 
starting, (g) engme speed indicator, (h) cod valve seats. * * * Engine btiilders 
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generally trould also do ttoU to visit aviation grounds more frequently and to take 
more interest in the engines which have left their hands^ * # « though in' many 
cases the aviator does not leave the engine alone when it is working li^t, out tinkers 
with the different adjustments until uiey are all out of harmony with one another 
and places the blame where it does not belong. » » » The demand for a reliable 
motor is still prominent. 

Writing in 1912, Awsbert Vorreiter, Berlin, gives the principal re- 
quirements which, aviation jsngines have to meet, as — 
First. Small weight referred to horsepower. 

Second. Small consumption of fuel^ water, and oil, so as to obtain the mayimum 
possible radius of action with a given quantity. 

Third, Absolute reliability since in the case of the dirigible engine hardly any— in 
the aeroplane engine absolutely no— repairs can be made during a flieht. 

In the demand for low weight per horsepower tHe requirement of me low fuel and 
oil consumption per horsepower-hour are included, since to-day it ia no longer a ques- 
tion of getting a machine to fly for a short time only, but to construct flying machines 
for practical purposes, we have to figure on a runnmg time of several hours. It may 
easily be shown oy calculation that an engine very Ju^t compared with output, but 
requiring an excessive amount of fuel and oil, may weigh more i>er hoisepower when 
the^^wei^t of fuel and oil are included than a heavy engLue with low fuel and oil 
, consumption. It is true that the oil consumption cuts less of a figure because the 
quantity of oil as compared with the fuel is small and in a good engine amounts to not 
more tbian one-tenth. As a most favorable value for fuel consumption of an aviation 
motor we majr assume 0.536 pound per horsepower-hour, which value has been repeat- 
edly reached in aeroplane engines. In dirigible engiues figures as low as 0.614 pound 
have been obtained. 

Hand inhand with thereliability goes the demand fordtnability and continuous main- 
tenance of high capacity. It is here that older constructions of aviation engines 
sometimes fall down very badly. Only the continuous output which the engine is 
able to gjLve is to be seriously considered in an aviation engme as distinct from the 
automobile engine. While me latter is only very seldom required to give its maxi- 
mum output— and then only for a short time— the aviation engine almost always runs 
under fun load. ^ 

Additional specific requirements mentdoned include — 

(a) carburetor action and engine performance must be iadei>endent of barometer, 
of temperature, of dust, and of tilting of engine, (6) uniform turning movement, (c) 
balance of engine parts, (d) high enough energy in rotating x>art3 to produce fly-wheel 
effect to resist variable propeller resistances and maintain engine speed, (e) propeUeis 
give best efficiency at spe^ lower than are feasible in en^es — ia some cases as low 
as half, (/) proper cooling of engine to insure lubrication, minimum distortion of met^ 
parts, temporary or permanent (g) locate exhaust discharce away from operator, (h) 
least weight of engine by designing for mayfmnm feasible speed, maTrmum work 
per cubic foot of displac^ent, and least weight of metal of selected Mnd and cross 
pection. 

In a paper read before the institutioii of automobile engineers 
(London; in 1912, Mr. A. Graham Clark summarizes the qualities 
regarded as essential < or desirable in an aeronautical enginoi as 
fouows: 

(1) Beiiability: iE^lure of the engine necessitates the immediate descent of the 
madiiue, if of me heavier-than-air type, which, should it occur at an inopportone 
mom^it may be attended wit^ disastrous consequances. 

(2) ffigh power weight ratio: 

(3) Economy in fuel and oil: 

Are desirable because of the increased radius of £iction. 
U) Low air resistance: The importance of air resistance becomes more marked 
wim increase in the speed, as the power absorbed in this direction varies as the cube 
of the velocity. It may be remarked in this connection that the horsepower required 
to propel a flat plate 3 feet in diameter through the air is increased fiom about 6 to 
over 16 by increasing the relative velocity of the plate to the air from 60 to 70miles 
per hour. 

(5) Controllability or flexibility, although, there is not the same need for it as with 
engines employed on automoMes, is none tilie less a desirable quality since at low 
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speeds of rotation the propuMve or tractive effort of the propeller is insufficient to 
move'the machine slon^ t£e ground, and hence the pilot "will be able to start tip -with- 
out assistance should orcumstancee necessitate his so doing. Further, as tiie engine 
is not reqnired to develop its fufl power in horizontal flight and when alighting, the 
ability to vary the speed during descent Is certainly preferable to the crude method 
of switching the ignition off and on. 

(6y Ereedom from vibration: The necessity for elimination of vibration aa far aa 
pcfisible will be obvious when the slender natoie of the supports trpm which the engine 
IS carried is reatized, especiallv as vibration of a ^mgeious chamcter may be sec up 
in the various parts of the maciune. 

(7) Accessibility: The question of convenience of access is frequentiy overlooked 
or, at any rate, disregarded on account of the care and attention which is now given 
to the class of enginebelore any extended flight is made. But it must be realized that 
from commercial conriderationfl alone, apart from the addition to the time dunng which 
the machine can be used and which may, tinder some circumstances, be of 'ra.ue, it 
would be an advantage to be able to readily examine or dismantie any part, espedally 
when the applications of the aeroplanes are more widely extended. 

(8) Silence is desirable in any machine used for pleasure or sporting purposes, but 
when it is intended for employment on military reconnoiffance duties it becomes of 
increasing imxxnrtance to be able to maneuver without giving audible warning of 
approach, especially at nigjit, 

<9) deanhness is in the nattire of a refinement, but it is none the less necessary 
since a dirty appearance is generally caused either hy the oil splashed about during 
hand oiling or oy the exhaust, both of which are objectionable — ^the former because 
the part requiring such attention is apt at times to run dry owing to the insularity of 
the supply of lubricant, and the latter beca^ it indicates an open exhaust 

Another contribution along siTinilar lines worthy of irepit)dnction 
is that of Granville E. Bra(£haw before the Scottish Aeronautical 
Society (Glasgow), December, 1913: 

There is probably no form of prime mover in existence that is more highly stressed 
or that has a more strenuous life than the aeroplane and there is undoubtedly no 
engiae that has greater claims on reliability. The aeroplane^ manufacturers* cry for 
the extiemely light ^gine is prolfably gr&ter to-day than it ever has been in the 
histtOT of aviation. The denumda of the authorities who purchase aeroplanes are 
Budh £hat probably as much aa 00 pen cent of the factors which determine the most sue* 
cesaful miuihine are governed directiy or indirectiy by the weight efficiency and fuel 
efl&ciency of the engme. By the former is meant, of course, the number of pounds of 
weight for every hOTsepower developed. That the engine snail be extremely reliable 
is oroOTirBe taken for cranted. 

Among the essential features of all successful aeroplanes are the following: 

(1) It shall <^l^Tnb very quickly. This depends^ atmost entirely on the weight effi- 
ciency of the engine. The rate of climb varies directiy aa the power developed and 
indirectly as tiie weight to be lifted. That the aeroplane shall be very efficient in 
this particular can easily be understood when one remembers that its capabilities of 
evadmg destruction from projectiles depend to a creat extent on how (pnckly it can 
get out of ran^ of such projectiles. It must also be efficient in clfmbiug in order to 
successfully nse from a smaD. field surrounded by tall trees which may be necessitated 
by a forced ift-nrliTig during a croes-coimtry flight over a populous distiict. 

(2) It shall have a good gli(^ng an^le; or, in other woids, that from any given height 
it ehfllL be able to ^ude for a great distance, is also governed indirectly by the weight 
of the madunOy and consequentiy by the weight of the x>ow6r plants b^use a ma- 
chine with a heavy power plant must be designed with a Isuger lifting surfoce and must 
be stronger in proportion. "TOth the same lifting surface and h^ resistance the 
angle otdescent olthe heavy-engined machine will be steeper ^ than that of the light 
machine, as bigh»T> speed is necessary to support increased weight, 

(3) It shflfllmve a combination of East and slow flying sp^ds. This is of paramount 
importance and one that aeroplane constructors are paying probably the greatest 
amount of attention to. The capabilities of a machine to fly slowly as well as fast 
depend almost entirely on the adoption of an extremely light and powerfiil engine. 
If the n^ v^'hniA 13 designed for very high speed, a slow speed is only possible by the 
machine, and consequentiy the iwwer plant, being very light. Note.— The wing 
characteristics of lift and <Mft are also very iniportant. 

(4) It shall be safe to handle in all winds both with and without the engine in 
operatioiL Aeroplanes have been built that will carry els much aa 15 to 20 poimds 
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per sqjiare foot of suppOTtdiig surface, but constructora nowadays agree ih&t tJie lightly 
loaded machine is the safer to handle and lie average loading on the planes is toKiay 
generally in the neighhorhood of 4 or 5 pounds per stjnare foot A heavily loaded 
XDachine depends to a great extent on. hi^ speed of &ght in order to maintain it in 
the air. Should tbd speed fall, imconsaoasly to the pilot tbioiigh loss of engine 
power or from any other cause, the control oecomes alugg^^ana wiU not answer 
quiddjr, the aeroplane, nnlesa the nose is put down very quickly to increase the 
eed, flounders ahout like a log in the sea and generally ends in a side slip and one 
these terrible nose dives that nave deprived us of so many of our best pilots. The 
life of the pilot of the heavily-loaded machine is more dependent upon the good 
behavior of the engine than is the life of the pilot of the lightly-loaded machine, and 
the latter could probably go on flying in search of a good alignting ground with two 
or three cylinders not finng at alL 

(6) It shaE be able to remaia in the air for long periods. This depends chiefly 
on fhe oil and gasoline conHumption of the engine and without efficiency in thui 
respect, the extremely light power plane is practically useless, as flights of only a 
few minutes duration are not likely to be of much use m serious warfare. 

All the essentiala Tust enumerated and particularly the last depend of course on 
the engine being absolutely free from any breakdown, which porut has not been dealt 
with as it is not a debatable one. We are sJi without doubt of^ ane mind on this naatter. 

Finally -there axe reproduced below some extracts from the Notice 
to Competitors issued by tiie British Gtovemment for 1914 com- 
petition for naval and military aeroplane engines, aU bearing on the 
question engine-service requirements: 

L nSQUIBEHSKTS TO BE *^K* h ' PV^'^'TT* , 

(a) Horsepower, 90-200. (6) Number of cylinders to be more than 4. (c) Gross 
weight ^er notsepower, calculated for rix hours' nm not to exceed 11 pounds. The 
gross weight includes engine complete with carburetor devices connected up (exclu- 
sive of the gasoline tank and pipe^, all icnition and piling appHaaces, startia^ handle, 
all cooling appliances—^ e. g., mn guarding, air guides, and; any water radiator and 
water connectumB and any ou left in. the engine. It will also include aU fuel and oil 
supplied for six houiB' run and all oil containers and pipes therefrom. 

Tne gross weight per horsepower is the total Troight of the engine divided by the 
fijjure for horsepower^ below which the output has not been allowed to fall throughout 
the sixhours* run, with a tolerance of 3 per cent for small variationB and inaccuracy 
of measurements. 

(d) Shape of engine to.be suitable for fitting m an aeroplane. 

2. PSBIRABCE AXTBTBUTES OF AN AEKOPLANB ENGINE. 

(a) light total weight, (h) Economy of consumption, (c) Absence of vibration. 
(d) Smooth running miether m normal or inclined position and whether at full power 
or throttled down, (e) Slow rmming under light load, (f) Workmanship, (g) 
Silence, (h) Simplicity^ of construction, (x) Absence of deterioration after test. 
(j) Suitable diape to minimize head resistance, (h) Precautions against accidental 
stoppage— e. g., dual ignition- (0 Adaptable for starting otherwase thaa by pro- 
peller swinging, (m) Accessibility of jpaita, (n) Freedom from risk of fire, (o) 
Absence of smoke or ejections of oU or gasoline, (p) Convenience of fitting in aero- 
plane, (y) Belative mvulaerability to small-arm projectiles, (r) Economy (in 
bulk, weight, and number) of TnimnrnTn spare part equipment, (s) Excellence of 
materisL (t) lEteasonable price, (u) Satisfactory running under climate varia- 
tions of temperature. 

In the recently issued specifications issued by the United States 
Navy Department a numoer of items appear bearing on engine- 
service requirements which axe abstracted and reproduced below 
f or compansoiL 

•'They shall be well balanced and ;produce no excessive Tibration 
at any power. To be capable of bemg throttled down to 20 per 
cent of the revolutions per minute for full power. The weight of 
the engine complete, with ignition system, magnetos, carburetors, 
pumps, radiator, cooling water, and propeller not to exceed 5 pounds 

26302*— S. Doc 268, 64r-l ^IS 
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per "brake horsepower. Engine to be fitted -with, some type of com- 
pression -release as a means of stopping it. To be fitted with a 
practical means of starting from pilot's seat when installed in an 
aeroplane. All moving parts not lubricated by a splash or forced 
lubrication system to be readily accessible for inspection, adjust- 
ment, and oiling. Eeady means shall be provided for checking 
and Tna.TdTig adjiistment to the timing of the engine. To hare an 
accurate and positive lubricating system which will insure a iinifonn 
consumption of lubricating oil proportional to the speed of the engine. 
AH parts subject to corrosion to be protected from the effects of 
salt water. To be fitted with an approved attachment for obtain- 
iog the revolutions per nfinute. To be provided with means for 
preventing fire in case the engine is turned upside down. A hand- 
throttie lever and connections to carburetor to be provided that 
can be applied for convenient operation by the pilot. This lever 
to be designed with a positive means of retaining it at the throttle 
adjustment desired by the pilot.^ All bolts and screws without 
any exception to be provided with an approved positive means 
for preventing baddng out due to vibration. No soft solder to be 
used in any part of the power plant.'' 

Among the conditions for acceptance tests the following stipulation 
will be noted: "Motor to be run at fuU power for one-hall hour under 
conditions approximating operations in the aeroplane in a heavy 
rainstorm." 

At the present time many of the important conditions that an 
aeronautic engine must fulfill are pretty weU settled, at least in kind, 
if not d^ee, but every day sees some new attribute announced as 
desirable, so that while it can hardly be said that aero service require- 
ments for engin^ are now reducible to rigid specifications, they can be 
formulated with enough precision to enable an engine designer and 
manufacturer to undertake production with some prospects of success 
or acceptance. In so proceeding, however, no designer or manufac- 
turer can afford to ignore past experience in engine construction nor, 
on the other hand, may old constructions be slavishly reproduced, for 
what was acceptable yesterday may not be to-day, and certainly wiU 
not be to-morrow. 

All these service requirements can be classified under three head- 
ings for future more or less minute analysis. 

POWEEr-WEaiGHT EATIO, BF.T.TABTTiTTY, AND ADAPTABIUTT. 

If the engine complete with full tank is light enough it can be 
used — and is most useful when most light^ and this weight involves 
many factors, each of which must be considered — some mdependent 
of others but many interrelated. The longer the contemplated 
flight, the more change there must.be in the remtion between specific 
fuel and oil consumption of the engine and the weight of the engine 
proper; so in any consideration of this item length of flight must be 
mcluded. Not yet, however, has the engine or flight art reached the 
point where it is prepared to fix a minimum weight, though each year 
gees a definite maxiniunu ^ In f axit, one of the problems of the day for 
the aero engine designer is to discover means for lowering more and 
more both this maximum permissible weight that many can attain, 
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and the Tninimnm possible attainable by only a few of the best — and 
■with increasmg flight lengths this is becoming more and more a matter 
of raising thermal efficiency, engine speed, and cylinder mean effective 
pressure, with corresponmng reduction of lubricating oil On the 
weight question, therefore, it is not the service conditions that 
specify what is wanted other than that it shall be as low as possible, 
but rather the engine d^igner is put on his mettle to say how far it is 
possible to go with due consideration to the other two elements — 
reliability and adaptability. 

ReKabihty is demanded always, but how much? Some writers 
call for absolute reliabifity and others try to specify in numerical 
terms a value for one or another of its elements. For example, 
in the 1913 German tests, any enguie that dropped to 85 per cent 
of its normal speed was rejected^ and this stipulation was retained 
for the 1914 competition. Agam,»in the British conditions, the 
only power rating allowed was the least attained at any time in six 
hours. Now absolute reliability is impossible, for this would mean 
continuous, uninterrupted operation without variation in any respect, 
except at the operator's will. No such engine has ever been built 
nor wiU it ever be built. Obviously what is wanted is as great a 
rehability factor as the engine designer and builder can secure con- 
sistent with other factors, so here again, as with the unit weight 
factors, the problem is one for the producer to say how fax the reua^ 
bility can be assured, rather than for the user to specify and reject, 
especially on laboratory tests. However, rejection on such grounds 
is far more justifiable than acceptance, for the engine so accepted 
may fail on its first flight, due to some accident or to faulty operator's 
adjustment. What is needed here is, first, analysis of the reliability 
factor into its elements and by cooperation between ^gine designer 
and user, an aOTeement on reasonable values for each, so one will not 
promise, nor the other expect the impossible, but each understand 
clearly the limits — and more important, the reason for the limit- 
that means may be sought to eliminate the disturbing cause. 

About the same situation is true with the third lactor, adapta- 
bility, and its elements — such as shape, vibration, silence, accessi- 
bility, uniformity of torque. They may be specified to-day only in 
the qualitative or comparative way, though some of them are capable 
of formulation, quantitatively, such for example as torque variations. 
So far it has not seemed feasible to impose any such limits but to 
leave the field wide open to the designer with an expression of desire 
for as high a degree of success as is possible with each. 

The reason for this state of affairs ia the art is clearly due to its 
youth and the necessity at present, and for some time to come, for 
the maximum possible encouragement of invention, design, research, 
and manuf actiffe, until it becomes clear to all just how far it is pos- 
sible to go in any direction after engagmg aU available resources of 
talent, material, money, and plant. When, after such, a period, one 
or more standaxd types of engme or engine parts — or even of air craft 
itself — ^have been established, then wiQ it be feasible to specify more 
particularly and numerically all the elements of each of the factors 
of unit weight, rehability, and adaptabihty. 

In the meantime, the problem is one of review of engines produced 
and an analysis oi their construction and performance as a whole 
and with it a similar analysis of fundamental possibilities. This must 
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include a more or less standard examination of each of the essential 
parts of the engines and the relation of form and arrangement to 
the perfection or imperfection -with whidi the part performs its par- 
tial duty or function. Even now, as Soreau, reporting the IVench. 
tests, points out, the relative importance of low engine weight proper, 
reliabuitr^ and Me, and consinnption of iuel and oil, origmauy con- 
sidered m this order, has been reversed, experience indicating that 
the last is now first and the first last. 

Fart 1 (b).— MEANS EMPLOYED UP DO THE PBESENT TO PROMOTE 
AERO- ENGg NE DEVELOPMENT, INCLUDING POSSIBLE MEANS NOT 
EMPLOYED, 

Any new art develops as fast as encouragement is offered or as 
fast as the necessary means are made available and intelligently 
used, and, of course, mversely a^ the difficulties involved. It would 
be hard to find any class of machine among those developed in mod- 
em times that had to face the same inherent difficulties incident to 
the nature of the problem, or one that received, at least for the first 
few years, so little real encouragement and assistance as this one, 
the aero engine. The initial step is one of conception, which must 
be subsequently checked by construction and trial. Hds must be 
followed by commercial perfection, which requires endless research 
by test and computation — ^not only on the machines as a whole but 
to a larger degree on each element of the problem that analysis indi- 
cates to have separate entity, and on g[roups of elements that have 
coordinate functioning. Construction is here again necessary, not 
only of the complete machine, but also of variants on each part, and 
of instruments, appliances, models, and apparatus that do not ttiem- 
selves enter into the result but are essential to its attainment. Fi- 
nally, with commercial perfection, further construction work is neces- 
sary to create the means of rapid laige scale reproduction within the 
limits of dimensions needed for infechangeability of parts, i. e., 
establishment of the manufacturing plant. It must be understood, 
however, that these three steps mat must be xmdertaken in this 
order on general principles may not bfe repeated many times over 
even when concerned with the same product, such as the aero engine, 
or that the earlier step ceases when the latter is inaugurated, for this 
is not true. These three stages or periods of development may, for 
the want of better terms, be designated as, first, the period of inven- 
tion; second, the period of design: and, third^ the period of manufac- 
ture. Design can not be undert^en before mvention, whether that 
invention be of the patentable sort or not. Yet inveJntion xmdoubt- 
edly proceeds long after design has been firmly established and, of 
course, while manufacturing may not be undertaken until both in- 
vention and design have accomplished a reasonably commercial 
perfect product, it goes without saying that both invention and design 
win continue during the whole of the manufacturing period. 

With the exception of invention^ which needs little encouragement 
beyond a stimulation of the imagmation, the primary factor m suc- 
cessful devdopment is money, for, with sufficient funife, the necessary 
professional skill, labor, matenals, and plant may be secured for carry- 
ing out the steps of design and manufacture. Of course, money may 
be, and usually is, misspent in these developments, especially when 
the control is m the hands of persons lacking engineering skill and 
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^cperience, so there should be added the requireraent that oiganiza- 
-tiou be associated with monej. 

No bettOT illustration of this situation can be given than that of the 
steam turbiae, whose period of development practically coincides with 
that of the aero engiue, but which has been brought to a state of com- 
loercial perfection that the aero engine has not even approadied, 
partly by reason of the better underSbandiog of the service require- 
ments that are not yet fully formulated for the flying machine, but 
almost entirely because of the differences in the means employed for 
the development. The steam turbine had its invention stage, and 
while iuvention still proceeds it is largely superseded by rational de- 
sign for manufacture, tmder skillful guidance, imder proper organiza- 
tion, suitably financed and satisfyiag an ample, weU-understood mar- 
ket demand. The aero en^e is stul lai^ely undeveloped, iuvention 
is stDl more active than design, and the aSnost microscopic, painstak- 
ing research required to establish the data necessary for design is 
almost whoUy lacking, so naturally manufacturing in the lame sense 
of the term is^ correspondingly nonexistant, though a few individual 
models of engines are being reproduced in fair numbers* 

The millions of dollars needed for rational perfection for manufac- 
ture become available to the suitable oi^anization ordinarily only 
when a permanent market is dearly in sight and when the service 
requirements of the product are reasonably definite. In the case of 
the aero engine, this market has been absent or at least very uncer- 
tain and the service requirements very hazy — ^both so much so that 
under ordinary conditions the aero engine could not have reached 
even the degree of perfection so far attamed, unsatisfactory as it may 
be, without other incentives or different sorts of encouragement than 
the ordinary article of commerce receives as, for example, again the 
steam turbme. This special element in perfecting the aero engme is 
that of governmental aid based on military necessity, a comparatively 
recent mrce in the situation but now a very strong one in Europe, but 
almost wholly lacking in America. The military establishment can 
pxirchase what it needs in the market onlv when there is a reasonably 
strong cndlian demand for the same article, strong enough to warrant 
the financial investment necessary for its perfection — and such is the 
case with the automobile and traction engine. On the other hand, 
when there is no such demand, however. active invention may be. 
rational design and manufacture will be alisent and must be suppliea 
by llie Army and Navy through their own orcanization and plants, 
or^ as an alternative, reasonably steady annual governmental appro- 
priations for purchasing sufficient quantities by the militwy depart- 
ments may be made the oasis of support for civilian production. Such 
is the case, for example, with ordnance and to some extent with ships. 

For several years after the demonstration that engine-driven air 
craft could make successful flights the only encouragement offered to 
development was that of adventurous sport. Men whose incomes 
were sufficient became purchasers of macliines for their own amuse- 
ment and others bought machines for making exhibition flights before 
paying audiences for the profit to be derived. Both sorts oi operators 
took diances with the rniperfections of the machine in a spirit of ad- 
venture or speculation, but practically aU made short flights that 
made no such demand on the engines as is now standard. Men such 
as Eifi^el, and Deutsch de la Meurthe, should be mentioned for their con- 
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tributions of large sums of money for scientific inrestigations, not of 
engines, however, and the national suhsaription funds of France and 
Germany, all of which assisted in development. In many cases, even 
with these short flights, the engiae was taken apart, cleaned, re- 

E aired, and readjiisted before eadi ascent. Even as late as Septem- 
er, 1912, Mr. Earle L. Ovington, writing in the Scientific American 
reports: 

Usually every 15 hours of nmning, and at most every 20, my mechanics (skilled 
men) went through the interesting process of separating every mngle component part 
of mv motor, one from the other. The valves \7ere r^jroimd and retimed, because 
of vEdve-gear wear, new valve springs were inserted^ the tappet rods were adjusted, 
and the whole motor was given a rigid inspection. The Gnome, in common with most 
xotary motors, uses castor oxL as a lubricant, hence at each deaniDg ^reat quantltiea 
of carbon were removed. I claim that any engine requiring such attSxtion m&y rightly 
be termed "delicate." How far woxdd you get in an automobile i£ you had to take 
the entire engine to pieces and readjust practically every working part of the whole 
motor every 15 or 20 nours of service? 

In an article in the Ante Car of March 28, 1914, vre find the follow- 
ing statement: 

The Gnome engine requires cleaning out after about 24 hours' contioous running 
if it is to be kept m tune. The French military rejulationa demand that the Kenault 
be cleaned out after 200 hours' running. Users ofother aeroplane engines have told 
the writer that cleaning carbon out is hardly ever necessary. 

With such an uncertain and capricious market perfection of the 
aero engine could hardly be expected in a "whole liietiine, especisJlj 
as the amount of busuiess in any one country would scarcely suffice 
to support one producroff establishment, and that one unable to bear 
the expense oi the high-salaried engineers competent to supervise 
the work and when^ at the same tune, the stimulus to the imagina- 
tion created by the idea of the mechanical flight produced thousands 
of inventions and inventors, each seeking and many fj-nHiTtg feaancial 
support, under the influence of the excitement of the time rather than 
from any sound business basis. Failures necessarily must be numer- 
ous under such conditions, and every failure, whether of mechanism 
or finances, set back the art and discouraged the rest. 

During this period the military organizations of all the nations 
watched results and purchased a few machines for experimental 
purposes, out of which grew the conviction now so firmly established 
and so thoroughly demonstrated in the present European war that, 
however imperfect the aeroplane, it is a military necessity and must 
be perfected. Perfection being hnpossible or too slow without 
governmental aid, plans were formulated by the European nations, 
one after the other, and, in addition to creating a corps of flying men 
with suitable cooperation with the military establishment, competi- 
tive tests for aero engines were organized hj Germany 1912-14;. 
France 1909, 1911, and 1913 in cooperation with the Ligue 
Nationale ASrienne and the Automobile CSlub de Prance; Italy 1913- 
and England 1914, in which substantial money prizes were oflfered 
for successful macnines and in some cases buying orders given to 
winners in the contest. It was the intention to make each of these 
contests an annual event so as to not only continue the development 
of engines under this incentive, but to show deady the annual 
progress by comparison of the entries in successive years on the basis 
of their performance, in rdation to their form, matmals, and propor- 
tions. The contests so far held are summarized in Appendix 1, 
which also reproduces the conditions and such of best results with 
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some discussions and interpretations as are obtainable from pub- 
lished reports. UnfortunaMy the European war has interrupted 
reports of such tests as were completed in, 1914 and preventea the 
carrying out of others, so that the latest information of this class is 
not now obtainable. 

Besides these governmental contests with cash prizes and pra> 
chafliTig orders, wnich are undoubtedly the bluest single influence 
so far brought to bear on the rational development of the aero 
engine, there are some other coordinate factors to be noted, and these 
are civUian contests conducted by oiganizatdons interested pro- 
fessionally in promoting the art or by individuals, reports of which are 
also given in Appendix 1, with the Government contest reports. 
Among these private contests are to be noted in France Competition 
of La liigue Nationale Afirienne, 1911: Automobile CSLub of IVance, 
1913; England, Alexander contest, first for British-built engiaes, 
1909, and second for any enrine, 1912. 

KnaHy, there must be notea among these influences for good in the 
rational d.evelopment of the aero engme the establishment of labora- 
tories for testing engiaes alone or flying-machine supporting and 
control elements alone, or both enmne and air craft, and reference 
is made to the paper by Dr. A. F. Zahm, May, 1915, reproduced in 
Appendix 2, with other laboratory references in addition to those 
contained in the contest reports of Appendix 1. Some of the results 
obtained in these laboratories are not published and apparently 
but little work has been done on engines. It is assipned that most 
of the laboratory work on engines so far done is such as to be of value 
only to individuals seeking to perfect their own engine, or, believing 
it perfected, seeking an independent test report to enlist capital for 
manufacture or to serve as an advertising inducement to purchasers. 

As a consequence, the conclusion must be that the largest single 
factor in the recent rapid development of the aero engine is govern- 
mental, involving the establishment of official organizations to study 
the problems, the operation of laboratories to determine by test the 
results attained by designers and producers, especially when large 
and regiilar purdaasing orders are involved to support civilian 
development and manufacturing estabhshments, or in the absence 
of sufficient orders, and perhaps m addition to them, the distribution 
of sufficient cash prizes, whether originating in governmental appro- 
priations or private and institutional donations. 

Great as has been their influence for good in aero engine develop- 
ment, these contests have not yet been under way long enough to 
have accomplished more than a small fraction of what may be so 
attained, nor can this contest means be regarded as either sufficient 
or without faults. There is an inherent danger that the results of 
such tests be misinterpreted, and in fact there is even a bare po^- 
bility that they may exert a retarding influence on the art. Natur- 
ally competitors design engines and enter them to win a prize and 
the conditions of tbe contest become the controlling factor in the 
preparation of an engine for entry. If these conditions place undue 
weight on factors that are not of primary importance to the engine 
as it works in jplace in actual flight, it is easily jpossible that not 
only may the best engine from the actual service standpoint be 
rejected out, worse than that, the bulk of these workers who are 
ftngftgftd in development will be led away from lines that are truly 
legitunate in order that by f oflowing the hues prescribed by the rules 
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they may secure the necessary cash to contintie. la view of this 
possibilify too much care can not he exercised in the preparation and 
regular revision of these^^contest rules and conditions m order that 
the result nw he what is wanted and what is needed hy the whole 
art. instead of a perfect attainment of a merely hypothetical standard. 

Attention is called to these roles in the appendix and especially 
to the alterations in later Grerman roles as compared with the earher, 
all directed toward greater latitude and greater rehance on the 
judgment of competent engineers and proportionately less on the 
nmnerical values of those quantities that are subject to measure- 
ment and which require esperienced cultivated judgment to inter- 
pret into terms of euCTie goodness which often depends as much on 
mtanmble things suc£ as workmanship, ruggedness, simplicity, and 
the other factors of general adaptabihty. In this connection there 
is a most significant, though guarded, statement at the end of the 
second report of the Dentsche Yersuchsanstalt ftir Luf tfahrt by Dr, F. 
Bendeman, January, 1913, the best document on the subject in 
existence herewith quoted: 

The farihear devBlopment of the aeroplane and engine construction makes it seem 
desirable that in a futoxe competition the engine be judged more in its ]:eIation to 
the operating conditxom of the machine. 

Even at best, better than yet arranged, the contest exerts but an 
indirect effect on engine development^ it results in a public statement 
of a judgment of the machines relatnrely considered with reference 
to the rules and to each other. The winner is stated to be that en- 
gine that has best fulfilled the prescribed conditions: it is announced 
as better than others in this respect and that is all Any test that 
measures only over-aU results, Aether of fuel and oil consumption, 
weight, horsepower, speed, pnbalanced forces, torque variation, or 
similarly measurable quantities is faulty as a factor in direct devel- 
opment of engines to perfection. The only sort of direct contribu- 
tion that can lead to true scientifically sound advance is that 
generally termed research which involves the patient analysis of 
not only over-all performance but more particularly of the perform- 
ance or each part intended for the execution of every separate func- 
tion, the accumulation and interpretation of data for the, diagnosis 
not of the faults f oxmd but the determiaation of their causes and 
discovery of remedies, alt of which are to be followed by the apphca- 
tion of the pronusing prospective cures with test checks on their* 
success. This sort ofwork requires the highest class of training and 
skill and is to be carried out a$ much in the computing and drafting 
room as in the laboratory, but to do most good to a young art strug- 
gling blindfolded to advance, every resuK must be not only con- 
vincingly and accurately arrived at but must be given wide pub- 
licity. This is the Mna of development work that must be done 
and has not yet been attempted anywhere outside of a few estab- 
lishments producing engines and in them is only carried on to a 
small degree because of the heavy expense, and naturally this same 
eacpense is sufficient reason for nonpublicity. 

Kesearch and pubHcity of the data of research are far more 
needed than pubho contests and their reports. While the latter are 
in a way an expre^on of the conclusions of the former, they give no 
due to the means found necessary to bring them about no more 
than the sight; of a man cured^ of an illness by a physician gives the 
observer any idea of the phyridan's diagnosis and methods of cure. 
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The advance of the professioii ot art is more important thaa an iso- 
lated case of perfecuoDu 

However sadly lacking are the data of research on aero engines, 
what literature there is descriptive of engines, of conditions oi 
flight, of experiences, successes, and f ailnres, of contests and over-all 
perfonnances should be most thoroughly collected and recirculated 
m the form of collected papers.^ 

Part 1 (c)^— GENERAL GHAKACTEBISTICS OP PJOESENT AERO ENGINES: 
POWER, SPEED— E NGINE , RADIATOR, WATER, GASOLINE AND OIL 
TA NS, WEIGHTS— FUEL AND OIL CONSUMPTION, AGGREGATE 
POWER-PLANT WEIGHTS WITH FULL TANKS FOR GIVEN LENGTH 
OP RUN— ENGINE TYPES, 

Smce the period 1901-1903, with the two engines, "Wright of 12 
horsepower, a converted four-cylinder, vertical automobue engine 
weighmg for engine alone about 7 pounds per horsepower and the 
then novel Maiuy design of radial star fixed cylinder engine of 50 
horsepower, weighing for engine alone 2.4 pounds per horsepower, 
there nas been produced in the interval more than a hundred difierent 
designs that have smrvived the stage of first trial There are now 
on me market perhaps half this number of different engines being 
regularlv reproduced, each to some extent and several quite exten- 
sively (for this art), ^d of several of these designs engines axe availa- 
ble in more than one size. 

While most of these engines have capacities of 50 horsepower, 
more or less, the number that reach or exceed 100 horsepower is 
steadily increasing, following the demand of the aeroplane and made 

f ossible by greater experience in construction of the smaller sizes, 
t is worthy of note that the 1913 wfamer of the Gordon-Bennet cup 
race carried 200 horsepower and the Russian Sikorsky used in his 
17-passenger machine 400 horsepower in two engmes. The latest 
Curtiss aeroplanes carry 320 horsepower in two engines, and tiie 
Engliflh Sunbeam catalojgues a single engine of 226 horsepower. 
Whde some types of en^ne construction give trouble in large sizes, 
there is no reason to believe that the limit of engine capacity has 
been anywhere nearly reached, for even if a high limit of cvunder 
diameter.be found, which is not the case yet, multiplicity of cylin- 
ders can carry up total capacity. Naturally there ia no limit to the 
number of separate smaller capacitrf engines that may be placed in. 
one air craft except that as the weight per total horsepower of two 
or more engines is plways greater than oi one engine of equal agg^ 
gate capacity. On the question of total power there is no mgh 
nmit in sight, though the normal is somewhat about 100 horsepower. 
Germany m 1 9 14 reqnired for her latest army planes 80 to 120iiorse- 
power and more for hydroaeroplanes, while the United States Navy 
specifications of 1915 call for 100 to 160 horsepower. It mav easily 
happen that this trend toward larger engine capacities will result 
in the elimination of some styles of engines which only operate well 
in smaller units, or what is more likefy 6a the number of different 
types of air craft increases in the limitation of engine type to flying 
machine type. 

1 A more or less complete bibliography ot aero engines is offered in Appendix 3 as a nnoleos, as foil as 
the limited time available wHlpermi^ and to show the oliaraot^ of some of these papers, a selected few 
are reproduced* To complete this bibliography and republish these papers will be of very great service 
to the aj^^^ecIaUy If there be added a oorre^pcnding colleotloii of patents in all conntzles eitherin foil 
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Speeds of engines are all in excess of 1,000 revolutions per minute, 
most engiues operating normally between 1,200 and 1,500 revolu- 
tions per minute, Tvith a few exceeding 2,000 revolutions per minute, 
the highest being the Sunbeam engine, rated at 2,500 revolutions per 
minute. These, of course, are Uxe speeds when carrying normal 
full load and tQierefore a reduction of load, such as would follow a 
change of propeller to one of lesser torque or such as results from a 
gust of air in the direction of propeller, air dischai^e, will accelerate 
flie speed. This is because the full throttle, mean^ torque, of these 
eongines is about constant up to speeds considerably in excess of their 
normal, probably approaching 2,000 revolutions per minute for 
most 01 tnem, though in all mean torque will decrease beyond some 
critical speed, due to valve and port resistance on the one hand and 
insufficient speed of combustion on the other. Below this critical 
speed, which is partly a matter of design of valves and ports, the 
horsepower is directly proportional to speed, and so speed increase 
is a natural means of reaching the light weight per horsepower pf 
engine. It does not necessarify foUow, however, that, because in a 
riven engine the high speed does not reduce the mean oriviDg torque, 
the engine wiH not suffer from the speed. In fact, it is just nere tnat 
so many of the failures are f ound^ tne enrines literally shaking them- 
selves apart and pounding or gnndin^ memselves to pieces. With 
due attention to me forces developed oy high speed, and to bearing 
friction effects of rapid motion over loaded sliaing surfaces, and to 
the suitable anrangement as weU. as proportions and materiaJs for it, 
there is no reason why, from the engine operation standpoint, the 
present normal range of 1,200 to 1,600 revolutions per roinute should 
not be exceeded if the service demands it, thoi^h the engiae designer's 
problems are easier, the lower the speed, it must be noteathat 
there seems to be no essential relation between propeller speed and 
engine speed if the operator has no objection to gearing, which in 
these days of automobile alloy steel gears can be made probably the 
most reliable element of the macbine. Testing of engines at excess 
speeds to limits of unbalanced forces, bearing friction wear, and 
mean torque woald seem to be a rational means of assuring that tbe 
operating speed itself wiU not cause trouble however muclx other 
causes nnght enter. Such a practice would be somewhat in accord 
with the Kydrostatic test of 50 per cent excess of working pressure 
now standard witii steam boilers and somewhat similar oecause 
each may in emergency reach that excess, in the one case of speed 
and in the other (3 pressure which may bause failure. 

Enmne weights now attained, per horsepower developed, exclusive 
of taSss, radiators, and supplies of gasoline, oU, or water, by the sev- 
eral classes or types of macnmes, at Sieir own normal speeds, have not 
been materially lowered for some time, attention having been rather 
concentrated on the reliability and adaptability^ factors with existing 
weights, instead of on further weight reduction, though this will 
unS)ubtedly come in time. There is, however, a rather niarked 
division of unit engine weights according to system of cooling of 
engiae, whether by air or by water, invo!mng besides water weight, 
that of radiator. For example, the most popular French rotating 
star qjrlinder air-cooled Gnome enguie weighs just about 3 pounds 

Eer borsepower, ranging from 2i for 100 horsepower to 3J for 60 
orsepower, wnile thie vertical water-cooled automobile style and 
winner of the last German competition weighs 4.2 pounds per horse- 
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power, (A niunber of tables and some cliaarts of engine -weights are 
given in the papers in the appendix which are not repeated here, as it 
would serve no good ptirpose.) Attention is however called to the 
fact that the highest weight reported in the German competition 
(second) is about 6 pounds. This is about the present high limit, 
while 2.2, the value for the Ghaome 100 horsepower, is the low limit, 
the water-cooled group occupying the upper portion of this range, 
the air-cooled, its lower portion, it is most interesting to note m&t 
the middle range in the neighborhood of 4 poimds is occupied by both 
types, providing that water-cooled ei^ines can be built as light as 
some lands of air-cooled engines, or that air cooling does not necessarily 
result in the lightest engine. 

Whatever iimuence in this unit weight of engine alone the general 
arrangement may have is shown by a comparison of figures for some 
typical differences of arrangement or type. It ordinarily is of the 
order of a fraction of a pound and may be entirely ofiset by some 
other structural feature, not a factor in general arrangement, such as 
the use of a steel cyhnder in one arrangement against a cast-iron 
cylinder in the other, or a high mean effective pressure in one agaiost 
a low value in the other d^ie to different weights of active mixture 
taken in per stroke. It would seem that (rylinders set radially about 
a short smgle throw crank should yield an engine weigjit per horse- 
power less than the same number of cylinders set in line along a long 
multi crank shaft. Also that a V arrangement of two lines of cylin- 
ders should weigh less than a single line because of shaft and frame 
differences, but it is not dear whether a given output in four blin- 
ders will yield a greater or less weight than in six or eight similarly 
arranged, nor is it clear just what difference in horsepower, if any, 
should be expected per unit of displacement per minute in water- 
cooled as compared witii air-cooled cylinders. As pointed out, 
according to the general figures given, the aggregate of afi such differ- 
ences lie between the liTrnting weights of about 2i pounds and 6 
pounds per horsepower and tnerefore cover a range of about 
pounds per horsepower for such engines as are now in use and for 
which t^t data are available. Just how much of this differencJe is 
chaa^eable to one or another of the factors of arrangement, detail 
form, proportions, or material, it is not possible at the present time 
to accurately fix^ out as a first attempt the following figures, Table I, 
are given as denved from available data: 

Table I. — Weights of engines in pounds per horsepower versus type amsirudicn. 



Q^Iaders and cooUng. 



Class constmoti on* 



Sngino namo. 



Authority. 



Wel^t. 



Alono. Plant. 



Water-cooled fixed cylinder 
Air cooled: 



[4 cylinders in line. 
6 (^^ders In lino . 
8 oylinders In line . 
'l3 cylinders U 



[Badlal 



star.. 



fixed cylinder.. 



Botating cylinder. 



'8 oylinders U.. 
13 oylinders U. 

Eadlalstar.... 



Bp&daL 

1 radial star.. 

2iadlal8tar.. 



Benx 

Daimler. ..... . 

Stnrtorant 

Sunbeam 

S^jycla lavlator 

Be Dion Booton. 
Renault. 



do 



Maker.. 

.....do... 

"Fllfijit" 



..do... 
..do.. 



Lbs, 
3.67 
3.75 
a9 
4.0 
3w02 



Lbs, 
4.20 
4.38 



British AnxanI .. . 



Aflhnrassen 

B.lI.andF.'W. 

German Gnome... 



.do.. 



Bendemann.., 

Hf ftVar . , ■ 



3.3 
4.72 



G.81 

6.3S 

4.0 

3.4 

4.1 



4.72 
8.033 
2.480 
2.701 
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Tasle I. — Weights of engines in pounds per hoTsepower versus type consirucfion— Contd. 



Ps^indeis and coQllDg. 



C13SS constmotioaQL 



Engine name. 



Anthorfty. 



"Weight. 



Alone. Plant. 



TVatoHXwlod fixed cylinder 

Airoooled: 

Fixed cylinder 

Botatlng cylinder. . 



'4 Grinders in line. 
0 oyllndeis In line . 

S OT^inders In line . 

UcvUndersU...., 
Badlalstar. 

B (Joinders U 

Badlalstar. 



1 radial star., 
^radial 8tar.< 



Daimler........ 

..do.......... 



Cortlss 

Bansenbaisv. 



Maker. 



.....do... 
Soreau.. 



4.29 

4.60 

4.0 

8.4 

4.4 

3.9 



Lbs. 
4.93 
&.23 



Benantt. 

BcitlahAnxani.. 



Gyro. 

LeKhone.. 



"Hlght"- 
Uafcer. 



Malrar. 



4.81 



6.47 

6.B6 

3.*J 

3.7 

3.4 

4.81 

2.9 



lEVafercoded fixed cylinder 

Airoooled: 

Fixed cylinder 

Rotating cylinder.. 



'4 cylinders in line. 
0 cylinders inline. 
8 oylinders in line. 

Badlalstar..... 



Daimler.. 

Argns 

Snnlieam. 

Sabnson.. 



do 



Maker..... 



4.74 

4.60 

4.1 

4.16 

3.43 

S.3 



[8 cylinders U., 
iBadialstar ... 
1 radial star... 



Wolseley... 
Edelweiss.. 
Gnozne 



"Eng*y" 

"Flight" 

Bendermann 
Lnmet. 



3,28 



6.37 
6.23 



14.7 
3.63 
2.83 
3.28 



[4 oyUndors in line, 
eoylindersinllne. 
[8 oiyUndeis inline. 



Wateivcooled fixed cyllndei |( 

Airoooled: 

Fixed cylinder... Badlalstar . 
Botating cylinder | liadlal star. . 



jDaimler.. 
Mnlflg. . ■ . 
doEget... 



Bendemann . 
do.. 



S-Qyde Laviator. 
Gnome. 



"Flight", 
.do.. 



4.89 
6.14 
3.2 



B endemann 
Lnmet. 



Z93 



5.52 
6,77 



3.05 
2.93 



Water-coded fixed cylinder 

Ai>cooled: 

Rotating cylinder. . 



4 cylinders in line . 
6 cylinders inline 

8 cylinders in line. 



Daimler. . 
SchrOtcr.. 

Laviator. 



do , 



'Flight". 



5.09 
4.65 
3.43 
3.48 



5.72 
6.28 



1 radial star.. 



German Gnome.. 



Maker.. 



3.439 
3.197 
2.690 



Woter^ooledfixed cylinder 

AlKMoled rotating cylin- 
der. 



[4 cylinders in line 
6 oylindera inline. 
IS^^ders Inline, 
liadlal star 



N. A. a 

HaUSoott 

PanhardLevassor. 
German gnome.... 



irnVftr , 

"FUgJit'f 

Maker. 



4.33 
4.32 
4.4 



4.96 
5.15 



2»976 



'Water-cooledfixed cylinder 

Airoooled rotating cylin- 
der. ' 



f4 oyllndeis inline, 
{ 6 cylinders in line . 
l8 founders In line 
1 radial star 



N. A. G 

Anstio-Dalmler- 

Wolseley 

Le Bhone 



Bendemann.., 
Maker......... 

"Eng^ir" , 

Maker......... 



4.38 



6.33 



4.99 
4.6 



3,1 



"Water-cooled fixed cylinder 

Air-cooled rotating cylin- 
der. 



f 4 Grinders inline. 
6cylinder8 inline 
8 (flinders in line 

1 radial star. 



Argus.... 
Benz..... 
E. N.V., 

Gyro 



Bendemann....... 

ilaker. 

Alexander Pxize 

Eeport. 
Maker.. . 



3,77 
4.1 



4.40 



6.1 



3,25- 
2. 88 



"Water-cooled fixed cylinder 

Air-coded rotating cylin- 
der. 



r4 cylinders In Una 
[Q cylinders in Ifaie 
Iradialstar 



Argns... 
"Wright., 
aerget.- 



Maker. 

"Flight" 



4.33 
6.1 



6.01 



3.3-2.7 



1 Without flywheell 
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Table I. — WeigU of engines in pounds per horsepower versus type construction — Contd. 





l^luSS COI19WUVW0IIZ* 




"J - 


Weight 


Alone. 


Plant. 


Water-«o(ded fixed oylinder 


/4 oyllndeiB iailne. 
\0 cylinders In line. 




Wafcw,....., 


X6*. 
4.0 
4.4 
















Water-cooledfixed oylinder 


4 cylinders inline. 




"Flight" 


f 3.91 
2.S7 
3.07 

I 2.8 














Water-cooled fixed cylinder 


4 cylinders in line. 


Clerget 




/ 4.23 

\ 3.96 










Water-cooled fixed oyUnder 


4 oyUnders in line. 




Alexander Prize 


5.48 


e.8 




Beport. 



These fiffures show a consistent weight excess for OTlinders in line 
over radial, but no conclusions can be drawn on the relations "between 
water vs. air cooling for either fixed or rotating OTlinders. More 
data and data in greater detail than are now available are necessary 
before such conclusions are possible. In later tables the fimires are 
analyzed with reference to other unite and some desirable con- 
clusions are derived, but always there must be noted the data which 
one would expect at this date to be quite full and reliable are found 
to be both meager and uncertain. 

To the weight of the engine proper with all the pftrts that are - 
permanent features built on or mto it, such as the magnetos, ofl 
pumpSj air fans, and water-circulating pumps, there must be added 
the weights of other parts to get the weight of the power plant with 
empty tanks. These additional parts may be called the engine 
accessories. All such suppKes, as fuel, lubricating oil, and water 
needed for a given length of run, will' add more weight, the amount 
of which depends partly on rate of consumption, partly on the 
general arrangement, but principally on the len^h of the run. 
Tlie fuel weight to be earned per horsepower vanes directly with 
the length of run and inversely as the thermal efficiency of the engiae. 
The oil weight, while varying somewhat with the length of run, 
probably is not directly inproportion to it and'certainly has nothing 
to do with the thermal efficiency of - the engine, but rather depencB 
on such factors as quahty of the oil, mode of its application, style 
of engine, bearing temperature ^ and surface pressure and speed. 
Water in any properly proportioned jacket and radiator system 
should not be lost, and its weight may therefore be regarded as a 
fixed quantity entirely independent of the length of run and additive 
as is a piece of accessory equipment such as the radiator itself, 
though its weight value is, of course, a function of the aggregate 
internal volume of jackets, piping, pump and radiator. 

It •needs only a superficial examination of these weights of acces- 
sories and supplies compared to engine weights to see ftiat for short 
runs, engine and accessory weights are more important than supply 
weimts/but that for long runs the supply weights, especially those 
of niel and lubricating oil, will become the controDing factors in 
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plant weight, and the longer the run, the greater the difference^ and 
the more dei)endent does i)lant weight become on thermal efficiency 
and on efficiency of lubricatioru For example^ the data of tlie 
second German competition showed that the wmnmg lOO-horsepower 
Benz water-cooled engme, weighing 4.2 pounds per horsepower, 
consumed 0.472 poun(& gasoline (thermal efficiency, 29 per cent), 
and 0.042 pounds oil, or a total of 0.514 pounds of both jer horse- 
power hour* ^ The 70-horsepower Gnome air-cooled engine men- 
tioned in Beridemana's report, and weighing 2.9 pounds per horse- 
power, consumed 0.805 pounds gasoline ana 0.253 pounds oil, or a 
total of 1.058 pounds of both per horsepower-hour. This being the 
case, the aggregate wej^t of the engine and supplies for different 
lengths of run up to 20 nours compare as follows, neglecting varia- 
tions in tank weights that should add a little more to the engine of 
hi^h consumption than to the more economical one. The radiator 
weight of the Benz engine is included: 



Weights of engine, gasoline, cmd oU. 







Ohotus* 


Slumrs* 


lOliotiis. 


ISlionis. 


20 hours. 




4.3 
2.9 


6.77 
S.19 


0.84 
13.48 


U.Ol 
18.77 


14.48 
24.08 





Such relations as these — (Bendemann report shows the weights 
equalize in 1 J hours' operation) — lead to that most important con- 
clusion derirable from all the competition test data in existence, viZ; 
engines intended for short runs must be themselves light and need not 
be especially economical if, by sacrificing economy lightness is pro- 
moted. Conversely, engines intendedf orloxig runs must be economi- 
cal at all costs, almost regardless of weight. It may also be added and 
this seems most significant that reliability is of importance about in 
direct proportion to the length of run, assmning good condition to be 
assured before starting in each instance, so that, again on the grounds 
of reliability, short run engines must be light even if less reliable, 
measured by period of unmtemipted operation, while to long-nm 
enmnes considerable weight may be added to gain reliability. 

Firom the design standpoint, a broad principle of practice can be 
directly derived, to the effect that aeroplane engines oeing intended 
for more and more widely varying types of service as to frequency 
of jflights, length of run, and load-Kjarrying capacity, need not be of 
one desi^, style, or type, but that different ones are justified and 
good engineermg procedure demands the development and perfec- 
tion to equal degrees, of as many different types and characteristics 
as win best serve the varying requirements of flight. From among 
these, a selection may inteihgently be made for general service of 
undefined nature but with fulTf orehand knowledge of its capabilities 
and limitations. All this agrees with engineering practice in other 
fields for there are to-day not only more different steam en^es 
than ever before, but in any one group, such as locomotives, there is 
greater variety than there ever was; why, therefore, should anyone 
expect to find a single aeroplane engine or plan the development of 
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one type to the exclusion. of others? To do so, is to assrune that all 
flights in all fl-jing machines are the same as fax as engines are con- 
cerned, which is just about as true as the assumption that a good 
pleasure motor-boat engine is the right thing for a trans-Atlantio 
ship, or that the best power plant for a tramp ireigjiter will properiy 
serve a battle cruiser. To oe sure there are certain dements of 
service peculiar to flight, to which all aero engines must be adapted, 
but this can not be mterpreted to mean that all aeroplane engiues 
must conform to one another in arrangement, performance, or even 
in materials throughout. 

Returning .to the factors of plant weight, study of which leads 
to such important conclusions as the preceding, it is worth while to 
examine more closely the separate influences of the several com- 
ponent factors of accessory and supply weights. 

Radiator weights must vary wim the amount of sheet metal, 
cooling surface of given material in Mnd and thickness. The purpose 
of this surface is heat dissipation to the air, so the number of square 
feet and its weight will vary directlv as the jacket heat loss of the 
engine, and directly as the mean temperature difference between 
water and air^ but mversely as the coemcient of heat transmission. 
The most rehable data on this amount of heat to be dissipated, 
in fact, the only data are given by Bendemann, who finds that 
contrary to most internal-combustion engines, including the auto- 
mobile class, which give up between 30 and 40 per cent of their fuel 
heat to jacket water, aero engines conform pretty dosely to 16 per 
cent of the heat of combustion given to and carried by the water to 
the radiator. The difference, 15 to 25 per cent, is either not taken up 
by the water from the combustion chamber at all, passing out in 
exhaust gases iostead, or, b,einff taken in part by the water, is dis- 
sipated directly from jacket and water jpipes to the air. In formulat- 
ing the rules a£ the German competition, the radiator weights were 
assumed to conform to automobile practice and taken at 0.13 pound 
per 1,000 British thermal units per hour, but the experiments indi- 
cate that this should have been about 0.4 pound per 1,000 British 
thermal units per hour. Taking the calorific value of gasoliue at the 
round nxmibef 6f 20,400 British thermal units per pound and the con- 
sumption of the more efficient water jacketed engiues as one-half 
pound per hour per horsepower, the heat supplied per hour per horse- 
power IS 10,200 British thermal units, of which 16 per cent, or 1,530 
British thermal units per hour must be dissipated bv the jackets. 
This quantity with the constant of 0.4 pound per 1,000 British thermal 
unit hdurs would make the radiator weight 0.61 pound, per horse- 
power of engine. Comparing this with me radiator weight of the 
61.6 horsepower Green (British) engine, wianer of the Alexander 
prize competition, which had a total weight of 46.9 pounds, the 
actrual unil weight of radiator and connections becomes 0.76 pound 
per horsepower of engine, a fairly good check, considering the wide 
differences of design and circumstances. WinMer pute radiator 
weight between 0.40 and 0.66 pound per horsepower. 

It is perfectly wall known how fundamentally dependent on the 
flow conditions of the air, on the air side, and on the presence of air or 
steam bubbles, on the water side, is the coefficient of heat transmis- 
sion for such apparatus as radiators, and yet this subject has scarcely 
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been touched as a research problem, especially when it is considered 
that the mean temperature difference, another prime variable, is 
itself subject to considerable control. This will account for such 
differences in radiator weights as exist and is responsible for the 
belief that very material reductions may be expected in radiator 
weights following proper research or arrangements f cJr securing rates 
of heat transmission and on thin noncorrosive metal inclosures. 

Water we^ts are, of course, directly under control of the designer 
within certain limits, as the jacket spaces may be long or short, wide 
or narrow, pipes short and small or long and wide, and the water space 
in the radiator itself, almost anything. In the same 61 .6 horsepower 
Green engine, winner of the Alexander ppze, the whole water weight 
was 34.1 pounds, or 0.56 pound per engine horsepower less Uian the 
radiator weights. WinMer places this between 0.2 and 0.3 pound 
per horsepower. Other values for different engines are given in 
Table n to show the order of the magnitude of this factor. 

Tants for gasohne and oil will weigh more for lai^e than for small 
supplies, but not in proportion to their volumes, as shape, thickness, 
and^ind of material wflldetermine the square feet of metal and weight 
of th.e t^nk per cubic foot of capacity as much as liie volume. Other 
things being equal, that shape of tank will weigh least that has least 
wei^t jper cubic foot of volume, and cylindrical tanls are most 
economical of metal weight, needing no stays, so the ratio of length 
to diameter is an important factor, which, however, also affects wmd 
resistance, "but th^e variations are not of such an order of magnitude 
to warrant detailed study here. The above-noted Green engine, 61.6 
horsepower, and a gasohne tank of 70 gallons weighing 39.7 pounds, 
and a lubricating-oil tank of 6 gallons weighing 9.2 pounds, so that 
tiie net weights are, gasoline tank 0.65 pound and oil tank 0.016 
pound per en^ne horsepower, or 0.57 pound per gallon for 70 gallons 
and 1.54 pounds per gallon for 6 gallons. Bendemann gives the 
round nun&er of 0.2 pound tank weight per pound of gasohne or oU, 
which does not check the above figures. Tanks used in tests, he 
writes, are frequently too light for actual service, which indicat^ a 
necessity for standardizing tank-metal thickness, shape, and to some 
extent size, as large capacity may be just as well carried in several 
small tanks as in one large one and with better weight distribution 
on the frame, as well as affording a measure of safety. 

Gasoline consumption for the better water-iacketed engines aver- 
ages very closely 0.5 pound per hour per brake horsepower XB. H. P.), 
and for the rotating-cylinder air-coo] ted engiaes about 0.8 pound for 
full load, though, as might be expected, there are quite wide variations 
with type of engine and its condition as to cleanliness, adjustment, 
load, and speed. There is practically no data available on the rise 
of consumption with poor adjustment of carburetor, ignition, leaky 
valves or pistons, gumming bearings, carbonized combustion cham- 
her, or even at speeds other than normal, or throttle positions other 
than wide open* It is not posdble from test data to even approxi^ 
mate iiie gasoline consumption of an aero engine in actual flight serv- 
ice, though, judgiog from data on other dasses of gasoline engines, it 
may easny be double this best value obtained by perfectly tuned new 
engmes in competitive tests. We have many figure on total con- 
sumption of gasoline and oil during competition flights, but horse- 
power of course was not determinet^ and such figures must be com- 
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pared "witli each other to give a true picture of range of possible 
variation. Even here, however, the operators are skilled and on 
their mettle, so they may be esj)ected to better ordinary everyday 
flight consumption. These engme-test figures may be translated 
into thermal efficiency approximately bj taking the average calorific 
value of American gasoline at 20,400 British thMmal units per pound, 
making the enmne heat consumption for the two typical classes 
10,200 British mermal units and 16,320 British thermal units per 
hour per brake horsepower, eauiyalent to AWo ^^S per cent and 
Afe^o 1^-6 per cent thermal efficiency referred to brake horsepower. 
WitJi the actual consumption of the Benz engine of 0.472 pound, 
Bendemann reports a thermal efficiency of 29 per cent, which requires 
that the gasoline used have a calorific value oi 18,900 British thermal 
units per lb,, which is the value used by Gtildner for European gaso- 
lines. Other figures indicate about an equivalent difference between 
the American and European fuels which could be accounted for by 
the prevalence of parafffns and olefins, respectively, in each, even if 
of equal density. 

Such a thermal efficiency as this high value is truly remarkable, 
and under the condition of operation and size of aero engines can 
hardly be bettered, judging from other experiences and from funda- 
mental conditions to be examined later, but the low value is too low 
to be tolerated without adequate compensating advantages in engine 
weights for short flights and in the reliability and adaptabflity 
factors. Actual test values for specific engmes and tests are reported 
in tile appendix and need not be detailed here, but attention is again 
called to the practical importance of consumption data on other man 
these best conditions to show not only how high it may be in service, 
but also how sensitive it is to each individual adjustment and operat- 
ing condition that may exert an influence. 

Oil consumption is a thing thkt seems to follow no particular law, 
however much may be known about contributory circumstances, 
sudi as chemical character, viscosity, mode of application, surface 
speed, pressure and temperature, air evaporation, combustion cham- 
ber carbonization and cracking,^ and exhausjb dischaf^es. Beyond 
the more or less general adoption of castor oil to avoid gasoline 
absorption ia the crank cases of rotating-cylinder aero engines, 
and tile use of most widely diff^ent systems of feed and bearing 
conditions, this is a practically wide-open field of research. In afl 
the competition tests the oU consumption has been made a subject 
of measurement, but no analysis of causes of consuoiption has been 
made, nor are there any data on the relative consumjption of different 
oils or of different oiling systems for a given engme. The figures 
must be taken for no more than they really represent, viz, what was 
used, but it can be assumed that they axe no guide whatever to the 
oil that will be consumed in actual service, except when consumption 
is fixed by a pump plunger displacement. Nor do these figures aid 
in fixing the least value attainable after proper thorough research on 
the lubrication of a given engine, which is rather more a matter of 
reliability and engine life than oi oil weight to be carried. In the 
Qennan tests values were fouaid ranging from 0.009 pound to 0.089 

25802**— S-Doa 268, 04-1 ^14 
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poxtnd per hour per brake horsepower for tihe water-cooled engines 
and from 0.145 to 0.253 poxmd per liaur per brake horsepower for the 
rotating air-cooled cylinder engmes. The only conclusions derivable 
froDDL th^e figures are that there is a very wiae variation — about 25 
to 1 — proving the need of study, and that on the whole the rotating 
air-co(ned cynndeora are much greater oil consumers than the fixed 
water cooled. 

The a^r^ate weight of all the units of the power nlant,^ engine, 
engiTiA accessories, and suppHes can be represented a&ebraioally or 
grapjdcally with every element involved m correct relative magni- 
tudST All of these weights are constants for each engine, except the 

fasoline and oD. weights, which are products of consumption per 
our and the length cd the ruru Accordingly, the graphic representa- 
tion will be a series of straight lines or of the* aggregate, a single 
straight line. Algebraically the equation of that line will contain 
two constants, eadi of whicn is the sum of similar constants, one rep- 
resenting intercepts on the axis of zero time and the other slopes. 
In order to keep the various elements of the aggregate weight distmct 
and to bring out clearly the big factors of weight of engine proper and 
of gasoline weights, it is desirable that the excellent arrangement of 
a smgleline for each engine used by Bendemannin the second Grerman 
report be supplemented by a general equation involving aU the con- 
stants and a table of values for each as derived from the tests. Such 
an equation will have the following form: 

Wdght of engiue alone per horsepower. 
+ Weight of gasoline tank per horsepower. 
+Weight of oil tank per horsepower, 
-j-Weight of radiator per horsepower. 
-j-Wejght of water per horsepower. 
-i-Weight of nmffler. 
, fPounds gjisoliae per hour per horsepower! ^ 
""^ iPoundfl col per hour per horsepower J * 

Symbolically this takes the following form with corresponding 
meanings from the former equation: 

F= F«+ TT^ + Wot + Fr+ TF„ + F„+ 

In the following Table IE are given some typical values for these 
seven constants, derived from the tests and for the total Wtov 0 and 
10 hours. The gasoline and oil weights are added for 16 and 20 
hours, but the plant weight can not be so given because of the uncer- 
tainty of the tank weights, which naturally are not directly propor- 
tional to content weights. It is interesting to note, however, that 
in 10 hours the plant weight is doubled — ^that is, the supplies for that 
time equal the weight of the plant empty for water cooled fixed cyl- 
inder engines. The air cooled rotating cylinder engines in the same 
time of 10 hours more than quadruples the weight. 



Weight of plant complete withi 
tanks fuH for H honrs* run,} 
pounds per horsepower. j 
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Tablb n. — WeigTus oj engine accessories and complete plant weights per horsepower versus 

ttfpe construction. 



Name and anfbority. 



111 



Is 

|3 



TBineSy BeEOde* 

mann... 

4-oyllader IQO-harsepawa 

Beur, Bendemarni. 

6-cy Under 9(Miorsep<n7er 
Daimler, Bendemann.... 
i^yyllnder TOiorsQXJwer 
l>aiiiLler, Bendemazm.... 
4-cyUnder KXVhorsepower 
T)ftfm1er, BcaidemQnn.... 
4-cyIinder 70-horBepower 
Daimler, Bendemazui. .. . 
Cylinder lOO-IioisepowQr 
Daimler, Bendemann. ... 
4H^llnder eoiorsepower 
Daimler, Bendemaim- ... 
4-OTlindOT 66 horsepower 
Daimler, Bendemazm. ... 
4^1inder 95-liorsepo\m 

N. A. G., Bendemarni 

4-CYlinder 65-horsepower 

N. A. Q», Bendemaim 

4-cy Under OS-horBepowcr 
Aims, Bendemarni...... 

4<<S7mider 70-liorsepower 
IS, Bendemarni ..... . 

iider lOO-hocsepower 
ju8, Bendemann...... 

e-oylmder lOO^orsepower 

Mnlflg, Bendemann. . . 

6-OTlHaer SCMiorsepower 
BobrOter, Bendemann. . . . 
6-c^inder 125ior6epower 

(Hall-Scott mat^) 

Average of 6, British (An- 

zanl, maker) 

6<)yllnder 87-3MffBepower 

(Ben*, maker) 

&<»1inder 6o4oTsepower 
(Wright, maker) 



3.67 
3.76 
4.29 
4.29 
4.74 
4.60 
4.89 
6.09 
4.33 
4.38 
a77 
4.38 
4.60 
6.14 



G) 

a044 

LOl 



L006 
L056 
L002 
.993 
.070 
L038 
L060 
L176 
L1T2 
L056 
4.6^ 1.213 
4.32. 
3,7 
4.0 
5.1 



0) 

a034 
.076 
.094 
.080 
.062 
.062 
.053 
.120 
.070 
.018 
.178 
.166 
.134 
.042 
.094 



a63 
.628 
.626 
.626 
.628 



.028 
.626 
.626 



6.224 

6.472 

6.020 

6.984 

6.434 

6.344 

6.676 

6.834 

6.002 

6.012 

6.642 

6.34 

6.632 

6.884 

6.612 



61 .32 



Anfltro-Balmler "PUght", 



Green, Alexander test. . 
Cbionie, 1013, Lnmet. . . 
Gnomes, ^^U, Lnmet. . . 



5.48 



.65 



.15 



I. 



616 



.138 



,101 



a 472 
.610 
.605 
.491 
.603 
.628 
.601 
.499 
.486 
.619 
.634 
.688 
.588 
.628 
.621 
.60 
.64 
.667 
.63 



aoi2 

.038 
.047 
.010 
.031 
.031 
.029 
.060 
.038 
.009 
.089 
.083 
.067 
.021 
.W7 
.03 
.164 
.022 



2.67 
Z74 
2.76 
2.67 
2.67 
2.09 
Z66 
2.79 
2.61 
2.61 

ail 

3.36 
8.76 
2.74 
3.31 



6.14 
6. 48 
6.62 
5.34 
6.34 
6.99 
6.30 
6.69 
6.23 
6.28 
6.23 
6.71 
6,631 
6.49 
6.68 



lassi 

ia952 

11.610 

11.324 

11.744 

12.33 

U.876 

12.421 

11.232 

11.323 

11.872 

13.053 

13.064 

12.354 

13.292 



,66 



7.60 
8.886 
2.88 



.819 
.805 



.175 
.255 
.253 



6.620 



7.66 
11.04 
ia63 



16.25 
14.41 
13.46 



1 20 per cfflit of fuel weldit 
* 20 per cent of oil weight, 
a In 05 horsepower. 

Note.— Plant weights are given without mnffler. 



< In 90 hOTsepower. 
In 130 h(ffsepower. 



'Typical arrangements of cylinders, pistons, jackets, frames, crank 
shafts, valves, valve gear, and typical structural forms of eacn, have 
been produced in great variety and in considerable numbers. Of 
these a fair number have received more or less development work, 
but the majority of them must be r^afded as hardly more than 
interesting proposals, or experiments in need of development work to 
definitely reject or retain them for use. Features of detail mil be 
treated later in the course of the analysis of the ecogine after a review 
of the types classified by general arrangement. 

Most of the engines operate on thefour-stroke cycle, though the 
two-cycle sjBtem is represented, both air and water cooling is used, 
and of the air-cooled class there are representatives of self-cooling by 
rotation of cylinders, by fan drctilation and by propeller blast, or 



1 
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free air ctirreiits over fixed cylinders. All engines axe mnltic^^linder, 
four or more, and generally more, and while nearly all nse horizontal 
shafts mth direct or spur-gear propeller drive, the vertical shaft with 
bevel-gear drive of propeller is represented. 

These types, classified by cylinder and crank arrangement, are as 
follows: ^ 

1. Antomobile type^ four or more cylindera in line, each 'with its ovm crank, cylinder 

heads up. Air or Tvater cooled. ^ 

2. V type, two rows of cjjlindeis of four or more each, inclined to each other, one 

crank for each V pair of cylinders. Air or water cooled. 

3. Badial star rotating cylinders, mth crank shaft fixed, or rotating in the same or 

opposite direction. Air cooled only. 

4. Special arrangement or combinations of the preceding. 

Of these classes the first three are the most typical of the aero 
engine art in point of numbers of representatives, amount of devel- 
opment work done on them, and of staading in me enrine-building 
industries of the firms represented, as will be seen from the following 
list of names of en^es and makers. Table m, arranged under each 
class heading. This is not to be r^arded, however, as a criticism of 
any of the other classes. 



TabiiB in.— -4<ro engines hy classes. 



COassNo. 





1 


1 


IV. 


Cylinder crank arrangement. 


FJxfidlallne. 




1 Botaiy. 1 


FIxedstar. || Miscellaneous. 


OooUDg. 


Water. 


Air. 


Water. | 


Air. 1 


Air. 


Water. || Air. 



Engine or maker. 



Bens. 


De Dion Bonton. 


Curtiss. 


B. M. & P. W. 




Two-oyde laviator. 


Ashmusen. 


Horse- 
power. 


Num- 
ber oi 
cylin- 
ders. 


Bevo- 
lutlons 

min- 
ute. 


Horse- 
power. 


Num- 
ber of 
cylin- 
ders.' 


Revo- 
lutions 
per 

Tnfru 

Ute. 


Horse- 
jKJwer. 


Num- 
ber of 
(blin- 
ders. 


B evo- 
lutions 
per 
min- 
ute. 


Horse- 
jKJwer. 


Num- 
ber of 
cylin- 
ders. 


Bevo- 
lutions 
per 
min- 
ute. 


Horse- 
power. 


Num- 
ber of 
cylin- 
ders. 


Revo- 
lutions 
per 
mta- 
ute. 


Horse- 
power. 


Num- 
ber of 
cylin- 
ders. 


Bevo- 
lutlons 
per 

min- 
ute. 


Horse- 
power. 


Ninn- 
ber of 
(wlin- 
ders. 


Bevo- 
lutlon 8 
per 
mln- 
ute. 


1,013 


4 


1,388 


80 


8 


1,800 


I 100 
I 160 


8 
8 
8 


1,100 
1,350 
1,100 


1 37.6 


7 


1,031 


f 36 

\ 30 


3 
3 
6 


1 1,260 


80 


0 


1,300 


105 


13 


1«800 


Balznlor. 


Benault. 


Sturtevant, 


Gyro. 




Salmson. 




88.9 


6 


1,387 


70 


8 


1,800 


140 


8 


2,000 


38.8 


7 


054 


f 60 
1 ^ 


6 
10 


1 1,350 


f 00 
{ 135 


7 


1 1,260 
















I 70 


10 


I 200 











o 

I 

9 



M 
09 



o 



o 



TabiiB III.— ^ero cngvMs hy cZaaaM— Oontinued. 



to 



Class No. 



L 1 








IV. 













Oyllnder crank orrongenient. 



Fixed In Uuo. 



Fixed V, 3 cylinders por orank. 



Rotary. 



Fixed star* 



MiscelUmooos. 



Cooling. 



Water. || Air. 


Water. 


Air. 


Air. 


Water. 


Air. 


Engine or maker. 




Daimler. 


Wolseley. 


Sunbeam. 


OldOnome. 


AnxanL 


Salmson. 




Horse- 
power. 


Nimi- 
bor of 
cylin- 
dors. 


Rovo- 
Intlons 
per 

min- 
ute. 


Horse- 
power. 


Norn- 
Iwof 
cylin- 
ders. 


Revo- 
lutions 
per 
min- 
ute. 


Horse- 
power. 


Num- 
ber of 
cylin- 
ders. 


Revo- 
lutions 
per 
min- 
ute. 


Horse- 
power. 




Revo- 
lutions 
per 
min- 
ute. 


Horse- 
power. 


Num- 
ber of 
cylin- 
ders. 

1 


Revo- 
lutkms 
per 
min- 
ute. 


Horso- 
power. 


Num- 
ber of 
cylin- 
ders. 


Revo- 
lutions 
per 
min- 
ute. 


Horso- 
power. 


Num- 
ber of 
cylin- 
ders. 


Revo- 
lutlous 
per 

min- 
ute. 


7t3 


i 


1,412 


82 


8 


1,650 


325 


2 


2,000 


40 


7 


1,194 


f 80 
100 
I 126 


10 
10 
10 


1 1,260 


/ 160 
\ 300 


9 
9 


1,250 
1,200 


} 






Balmier. 




Sunbeam. 


Old Gnome. 


Anianl. 






99.2 


i 


1,373 








160 


8 


2,000 


62.9 


7 


1,166 


200 


20 


1,260 


































Daimler 






RausenbOTg. 


Qnome. 


2^ycleIaviator, 








70.4 


4 


1,343 








150 


8 


1,200 


f 50 
{ 60 


7 


120 


1 » 


6 


1,200 

































o 



.8 



Daimler. 




Clorget. 


Gnome. 


Edelweiss. 






103.1 


0 


1,316 








200 


8 


1,300 


f 100 
{ 100 
I 160 


0 
14 
14 


1 1,200 


\ 125 


6 
10 


1,360 
1,360 


} 






























Palmier. 




La viator. 


Gnome, 








60 


4 


1,396 








\ 120 


8 
8 


1,200 
1,200 


( 200 
1 100 


18 
7 
0 


1 1,200 












































Daimler. 




Panhard-lrevassor. 


D'Hfinain. 








66.6 


4 


1,391 








100 


8 


1,600 


60 


7 
















































N. A. a 




"Wolaeley. 


Clerget. 








96.7 


4 


1,344 








130 


8 


1,200 


/ 60 
\ 80 


7 
7 


1,180 
1,180 


} 










































N.A^G. 






Demont. 








65.8 


4 


1,408 














300 


6 


2,000 


















































Argas. 






E.J. 0. 








Q6.7 


4 


1,368 














60 


6 


3,000 


















































ArgtK. 






EeselM. 








71.0 


4 


1,343 














65 


7 


1,360 



















































Tabia 'in.— ilero engines by cZoasM—Oontlnued, 



to 

M 



OlassKo. 



Wu 



Qyllndoc onmk anangement 



Flxod V, 2 oylindenper onnk. 



Botary« 



Fixed star. 



Mfscdlanooos* 



Cooling. 



"Water. 


Air. 


Water. 


Air. 


Air. 


Water. | 


Air. 


Engine or maker. * 










S. H.K. 








Horse- 
power. 


Num- 
l>erof 
cyltn- 
ders. 


Revo- 
lutions 
pet 
min- 
ute. 


Horso- 
power. 


Num- 
ber of 
cylln- 
dezs« 


Revo- 
lutions 
per 
min- 
ute. 


Horse- 
poTver. 


Num- 
ber of 
cylin- 
ders. 


Revo- 
lutions 
per 
min- 
ute. 


Horse- 
power. 


Num- 
ber of 
cylin- 
ders. 


Revo- 
lutions 
per 

min- 
ute. 


Horse- 
power. 


Num- 
ber of 
OTlin- 
ders. 


Revo- 
lutions 
per 

min- 
ute. 


pone- 
IH)wer. 


Num- 
ber of 
cylin- 
ders. 


Revo- 
lutions 
per 

min- 
ute. 


Horse- 
power. 


Num- 
ber of 
cylin- 
ders* 


Revo- 
lutions 
per 
min- 
ute. 


Ip2.1 


6 


1,370 














/ TO 

\ w 


• 7 

7 


} 






















































Mulag. 








S. H.K. 










10L6 


6 


1,300 














/ liO 
\ 180 


14 
14 


} 






















































SohrOter. 














88,9 


6 


1,262 











































































\ 



Hall-Scott, 














126 


' 0 


1,S00 










































































Austro-DaJmler. 














90 
120 




f 1,300 
i 1,200 


I 








































































Wright, 










o 




CO 


6 


1,400 










































































Stortovant. 














100 


4 


2,000 










































































Qreon. 














100 


6 


1,250 











































































Clerget. 














60 
100 


4 
4 


1,460 
1,300 














































































































Cheim. 














65 
90 
lOO 
360 


4 

4 

6 
6 


1,800 
2,300 
1 600 
1,600 
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Olass l.—AutofmobiU doss. 



Wato cooled: 
American — 

HaU-Scott. 

Sturtovant. 

WriglLt 
G^nnan and Auatrian— 

Mercedes (Daimler). 

Austro Daimler. 



N.A,G. 

Aigas. 

Mulag. 



Water cooled: 
American—* 

Onrtisa. 

Sturtevant, 

Bansenberger. 

llaximotor. 
Erench — 

Fanhard-Levaasor. 

Oleiget. 

LaviatOT. 



Water cooled — Contintied. 

German and Austrian — Continued. 

Schroeter. 

Basse & Selve. 

Mugwerke Deutscfaland, 
French— 

Olerget. 
^ piienu, 
Britialh— 

Argyll 

Green. 



Glass 2 Y. 



Water cooled — Continued. 
BritiBit— 

Sunbeam-Coatalen* 
Wolseley. 
Air cooled: 
French — 
Benault. 
De Dion-Bouton. 
Bdttiah^Wolseley. 



Class 3. — Eadial start ToiaiiTig air cooled. 



Frederickson. 



American: 
German: 

Eruk. 

Hirch. 

R. E. P. 

B.M.&F.W 
French: 

Gnome. 

derget. 



Badifll star-fixed cylinders: 
French— 

Salmaon, Tvater cooled. 
Laviator, two cycle. 
Opposed fixed cylinders: 
^TnpTifviiv — Aflhmusen. 



French— Continued. 
Canda. 
Burlat 
Helium star. 
Demont. 
D'Henaia. 
E. J. a 
Efiselle. 
S. H.K. 



CSlass ^.—Specials. 



Sqmrrel-cage cyHndeis: 
French— EdelweiBS. 

lUdialfan: 

FrOTich — A n zani ■ 

Inverted automobile: 
German— Daimler. 



Many engines appearing in older lists are omitted, because of the 
beEef that , they axe now superseded or abandonea, and likewise, 
some new engines now in existence are not mentioned because of 
lack of general acceptance as commerciaL It may be, and is quite 
likelyj Siat errors have been committed in these insertions and 
omissions, but this is inevitable without personal visits to the engine 
shops, which, in the present instance, were quite impossible. 



REPORT No. 7, 

PAST 2. 



AERO ENGINES ANALYZED WITH REFERENCE TO ELEIVIENTS 
OP PROCESS OR FUNCTION, ARRANGEMENT, FORM, PRO- 
PORTION AND MATERIALS, AND THEIR BEARING ON THE 
POWER-WEIGHT RATIO, RELIABmPTY AND ADAPTABILITY 
FACTORS. 

By Ohabt.ks E. Lttokb. 



Part 2 (a)^AERO ENGINE PROCESSES AND FUNGTIGNS OF PARTS VER- 
SUS POWER-WEIGHT RATIO, KETJABn.ITY, AND ADAPTA- 
BILITY FACTORS. 

In any machiiie tlie process is of superior importance to the mech- 
anism as the latter is but one of many possible means for the 'execu- 
tion of the former, and however necessary it may be to have the 
mechanism adapted in form, proportion, arrangement, and materials, 
to its objective process, success of the machine is fundamentally 
dependent on the process itself. Most machine processes are really 
combinations of a series of separate individual process steps working 
together, just as the mechanism parts themselves coact, and these 
processes are commonly said to be similar when they consist of the 
same partial steps executed in the same order as a series, and machines 
executmg them are regarded as belonging to the same class, or as 
similar machines. There are, however, very great differences to be 
found in these similar machines which, therefore, may be vastly dis- 
shnilar from other standpoints. In tne first place the process ste^s 
may differ widely in degree though being identical in kmd, and this 
diflference in degree may be in turn responsible for very considerable 
differences in mechanism. No better illustration is available than 
the common piston steam engine in which one basic step is expansion 
of steam after admission and before exhaust, yet experience has 
developed a whole succession of valves and valve gears, some adapted 
to moderate and others to high expansion ratios, while expansion to 
pressures below atmosphere immediately calls for the condenser with 
its elaborate series of auxiliary apphances and pumps. Differences ia 
mechaniam may be almost infinite even though the same process ia 
executed, and to the same degree, and the steam engine will again 
serve as an illustration. Such ditterences may be significant or not. 
They must be regarded as significant when some good purpose is 
served whether the differences are those of detail parts form such as 
the shape of a pisten; of arrangement of the same tgnpical parts, 
such as the locomotive engine as compared with that of the steam- 
ship; of proportion of parts, as diameter of cylinder or thickness of 
wall; or of material. Such differences as are now accepted and weJl 

210 
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understood in tihe steam-engine field can aJl be analyzed into signifi- 
cant or indifferent from flie standpoint of service requirements. 
These service requirements require years of experience to be appre- 
ciated to a degree that permits of a reduction to standards of practice 
in arrangement, form, proportions, and materials of the mechanism 
and its parts. Even after the establishment of such experience 
standards of practice for machines performing^a definite fixed service 
there TviU always remain very considerable dmerences of the indiffer- 
ent or nonessential order. 

Aero engines, while belonging to the now laa^e and established 
class of internal-combustion enmnes, and to the smaller fairly well- 
developed subclass of the gasdine carburetor internal-combustion 
engine, in which the farm, automobile, and boat types are most fidly 
developed, are themselves still struggling through the development 
stage, due to the youth of the specifidservice to be performed, and in 
spite of all that might be borrowed from the older most similar arts. 
In fact there is some evidence that these older arts have exerted a 
distinct retarding influence even where assistance might be expected, 
because borrowing is the easiest mode of acquisition. It is not 
mmatural to find automobile practice being adopted for aero engines, 
when it is not yet clear that there is anything required of the aero 
engine sufficiently different from what the automobile or boat engine 
can supply, to make the latter unsuitable for the service of the former. 
At the same time there is equally strong evidence that in some respect 
the^ differences in service requirements have been exaggerated or 
misin terpreted with the result that totally different engines were pro- 
duced unlike anything before built, and yet just as unsuitable as the 
borrowed auto or boat engine. 

In proportion as service reguirements on the one hand become 
better understood, and as engme capabilities or limitations, on the 
other handj are recognized and utiHzecL so will the aero engine as a 
type come mto full growth. Review oi the engines so far proposed, 
built,^ and tried out, indicates a strong trend in some cnrections, 
but just as surely proves that in most essentials the period of 
bhnd grasping at every possibility whether rationally defensible 
or not, has not yet come to an end. The most hopeful sign of progress 
is the now general recognition that no older ty]pe of engiae can be 
borrowed bodily for aero service, and following this, the large number 
of suggestions for modification that have been and are now being 
made, some rational, derived through reasoning from fact data, but 
often without any recommendation other than mere purposeless 
difference. 

Most of the rational development so far accomplished has been 
devoted to forms of the type parts, to their grouping or general 
arrangement, and to special materials for their construction, rather 
than to the processes that are fundamental to the gasoline carburetor 
type of internal combustion engine. Aero-engine designers being so 
intensely absorbed in the problems of arrangement of parts, adapta- 
tion of form of parts, reduction of metal thickness and appHcation of 
piaterials of high elastic limit or low specific gravity, have in some 
instances, though fortunately not aJL been diverted from thought of 
the process steps to be executed, in Mnd and degree. This becomes 
dear by comparisons, first of aero engines with each other and second 
of any one engiae with the absolute standards of thermodynamics. 
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It is dear tliat if at the same speed and "osing the same -fuel one 
engine gives a materially higher mean effective pressure than another, 
or a lower sj)ecific fuel consimiption, then some elements of the 
thermodynamic process have been violated by the mechanism of the 
inferior machine. It is^ also true that if the thermal efl&ciency ob- 
tained is a smaller fraction of the thermodynamic limit of pos§ibihty 
than in an auto engine, for example, then again something has been 
incorporated in tiie aero-engine struefrore imerior to its counterpart 
of the auto engine structure. To a lesser degree similarly, if aero- 
engine stoppages not due to seizure of bearings or breakage of parts 
are more n-equent than in auto engines, or even if they stop at all 
under these conditions, then the process requirements are m some 
way being violated by unsuitable mechanism, for if they were not 
the engine would contmue to nm? and without change. As a matter 
of fact, the whole question of rehability is one of maintenance or con- 
tinuity of the process in every stage, assuming, of -coursej an absence 
of the pure mechanism troubles of breakages or beanng failures, 
likewise, some of the elements of the adaptability factor, as well as 
those of reliabUity or of high power and fuel eflSlciency, are concerned 
with the process, for, shomd excessive tilting of the engine interfere 
with the carburetor action and result in poor mixtures; or should 
passage through a doud or fog obstruct the intake with frost or ice, 
or should flights at excessive altitudes change the mixture, then the 
engine becomes inoperative by reason of process interference due to 
la^ of adaptability of the mechanism to the mainten^aice of the 
process when subjected to the ordinary interference of actual use 
peculiar to air flignt. 

Proper execution of the processes by mechanism that insures its 
continuity in Mnd, and the constancy oi every step, in degree, regard- 
less of any interfering conditions incident to normal or even extraor- 
dinary aerial use, is a necessary prerequisite to the high mean 
effective pressure and high thermal effidency that together make for 
low power plant weight per horaepower for any lengtix of flight. It 
is just as essential to the continuity of operation and output that 
constitutes reliability, entirely independent of whatever contribution 
may be obtained to tne same end, from variation of general arrange- 
ment, and detail design of parts as to form or thickness or from the 
selecnon of special materials. 

The processes are comparatively simple and easy to state, though 
a thorough analysis of the relative or absolute perfection of execution 
that various designers have accomplished throxigh their mechanism 
would require far more space than is available here. Such an analy- 
sis must moreover be based on far more test data than have even been 
made available anjrwhere. Judging from the literature of the sub- 
ject and from some familiarity with general practices not so recorded, 
it can be stated that practicafly no work has been done except by a 
few laj^e engiae building concerns who keep their results secret, and 
comparativdy speaking, no data obtained bearing directly on the 
execution of the process steps^ and tiie effect of design on process, 
for aero engines, though some mt erp retation can be based on the few 
overall results of engine tests. While the details of design, versus 
process are beyond the scope of this report, it is possible even from a 
statement of the processes and their fulfillment conditions, to derive 
some general specifications for the parts of the apparatus mat, taken 
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togetheir, make up the power generating part of the engine, as dis- 
tinkuislied from those parts that merely transmit or support. 

As the working medium is primaidfy aai explosive mixture of air 
and the vapor of gasoline, the first broad process step is mixture 
making^ preparatory to introduction into the qjrlinder unless it be 
made 3u:ectly therenu This must be folbwed by the second step of 
suitable treatment of the mixtme in the cylinder, indudiag expulsion 
of burnt products. Finally, as combustion develops heat in contact 
with metal walls, continuity of operation or the niaiatenance of a 
steady state in all respects requires heat abstraction and dissipation 
to a d^ree and at a rate equal to that of heat reception, so the third 
broad process step is cooHng. 

Each of these three broad divisions of the general power gen- 
erating process, mixture-mating, cylinder treatment of mixtiu:e, and 
combustion chamber cooling is itself a process, and is in turn sub- 
divisible into more detailed or subprocesses, each definable to some 
extent as to degree or range that it is desirable to maintain. 

The xoixture-makLog process starts at the poiat of supply of 
gasoline and air and ends at the intake port of each cylinder. The 
one exception to this used in a few engines is the making of mixture 
directly m the cylinder by pump injection of gasoline, a method so 
wholly unsuited to the small cylinder high-speed engme, with such 
volatile fuel as gasoline, as to be rejectea witnout further discussion 
not only on rational grounds but on actual comparative experience 
with the now standard system of mixture making. This standard 
practice that has taken many years to establish recognizes mixture- 
making as a distinct function to be carried out external to the cylin- 
ders, so as to permit of some control of this independent function 
without the interference that must result when it is combined with 
others in a single apparatus part. 

Applying the common but more or less inaccurate name of car- 
buretion, to this mixture-making function because the principal struc- 
tural element of the process is me carburetor mechanism, the process 
divides itself into (a) fuel supply; (J) air supply; (c) carburetion 
proper, which includes proportioning, mixing, and vaporizing, and 
Xd) mixture distribution to cylinders. Each of these steps must be 
carried out without variation in spite of anything that might happen 
beyond extraordinary accidents, and the apparatus, meSianism, or 
equipment must be so constructed as to insure the results desired. 
Trds IS by no means easy, as will appear from even a superficial analy- 
sis of conditions and possibilities. Air must be taken from the atmos- 
phere through which the machine is moving at a high, though not 
constant speed, a speed so high that the air pressure equivalent to 
the velocity, or velocity head of the air^ is c^mte appreciable. "With 
the air intake opening pointing in the direction of travel the velocity 
head, is added to the static pressure of the air and air flow necessarily 
varies with flight speed, though it should not. This might be avoided 
by suitably shaped entrance orifice, the plane of which is in the direc- 
tion of flight, but this is no saf^uaxd when turning or in side gusts. 
The first requirement of air int^e must, therefore, be independence 
of flow of air with reference to direction and speed oi motion. Almos- 
pheric air varies in absolute pressure with altitude and likewise varies 
m temperature, in water vaporized, and suspended water such as fog 
or raim Each of these thmgs exerts separately and together an 
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influence on carburetdofi. Temperature, pressure, and moisture affect 
air density and hence the flow through the air orifice imder a given 
pressure drop. Temperature affects the vapor pressure of the gaso- 
Ene. (Absolute pressure affects air flow itself independent of the 
density change.) Vaporized moisture affects the accumulation of 
water in the mixture passages due to reduction, of temperature inci- 
dent to gasoline vaporization, and both vaporized and suspended 
moisture affect the accumulation of ice in the mixture passages, unless 
heat be added in sufficient degree* These thiugg need hardly be stated 
to be accepted as fundamenlSlly important and as necessary elements 
for incorporation directly or indirectly into specifications for the air 
supply to the carburetor. The carburetor action should be made 
qmte independent of these variables and it must be sufficiently inde- 
pendent to prevent changes of mixture quality beyond the allowable 
working range. Therefore^ however great a variation may be encoun- 
tered duxingj actual flight, m direction and velocity of flight or wind, 
in barometric pressure, in atmospheric temperatire, in atmospheric 
moisture vaporized or suspended as well, the mixture quality must 
be kept within the two limits to be determined as necessary to con- 
tinued engine performance. 

Gasoline must be carried in a closed tank and must be fed to the car- 
buretor through a pipe, and tiie supply to the carburetor should be 
qxiite independent of me direction and an^le of inclination of the 
whole structure. It positively must be unaffected by such changes of 
relative position of tank and carburetor, as may'be due to not only ordi- 
nary but even extraordinary or emergency turning, gliding, climbing, 
or tenrporary f allingmovements of the whole machine. If the machine 
shouWcompletely fall and upset, the gasoline should be prevented 
from running out on the hot exhaust pipe as this is likely to cause a 
fire. Gravity feed from tank to carburetor is affected, fls to head, 
by every variation in angle and direction of inclination of the frame. 
Gfravity feed tanks must have an air vent and so if overturned the 
vent becomes a spill hole unless a special check feature be added. In 
stationary plants gravity feed from supply tanks is forbidden by the 
fire underwriters' regulations because of the possibility of drainage of 
the whole tank due to a leafc in any part of the pipe system. Air or 
gas derivable from fire-charged bottles, from pumps, from combus- 
tion chamber relief valves, or from exhaust back pressure acting on 
the hquid surface in depressed gasoline tanks will feed the gasoline 
from any relative position of tank and carburetor. If reasonably 
high pressures are used in comparison with the normal static gasoline 
head, the delivery pressure will be substantially constant at Si incli- 
nation angles and spilling will be confined to the small carburetor 
float chamber as the mam tank is closed. This system is in quite 
general use ia auto practice. Pump feed from a naam depressed tank 
with air vent to a small auxiliary gravity tank with overflow return 
directly above the carburetor, is the standard stationary system. 
Eecentiy automobile practice has adapted this to its service require- 
ments, replacing the pump and overflow return by a vacuum lift 
system operated from the suction header beyond the throttie, but 
retaining the depressed main tank with air rmt and the small auxili- 
ary gravity tank without air vent, which being so close to the car- 
buretor can supply it at all times at substantially constant head. 
These two systems of pump and suction header lift may be operated 
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with a closed main tank if slightly modiCLed and in the event of a 
Ipaky pipe no loss or fire can occar because instead of gasoline escap* 
mg air flows in, doing no harm if the leak is small, but stopping the 
supply without loss n the leak is lar^e. 

The extraordinary changes of motion in direction and speed, "both 
horizontalhr and v^tically, peculiar to the aeroplane introduce liquid 
inertia and centrifugal pressures which may accelerate or retard 
gasoline flow by raising or lowering the pressure at the point of deliv- 
eiy^to the carburetor. This is a peculiarity of the aero-engine 
service conditions which requires special attention. To cover all 
these influences an additional specmcation may be added for the 
carburation system; the fuel tank, piping, and supply system must 
deliver fuel to the carburetor at pressures that do not vary enotigh 
to cause the mixture quality to vary beyond the limits required for 
the proper steady operation of the engme regardless of angularity 
of the machine or of changes of itB motion as to direction or velocity, 
and they must be such as to prevent fuel loss from small leaks and 
to minimize any spilling when overturned, preventing whatever spills 
touching hot parts or reachixig electric sparks. References to tihe 
literature atfe made for actual tank arrangements which require no 
comment here except the approval of the practice of using more than 
one tank and especially of installing a small emergency reserve tank 
holding enough to insure a safe landing after main tanks are empty. 

When supplied with atmospheric air and with fuel imder pressure 
or static heaa, the carburetor mechanism is supposed to make a proper 
explosive mixture and through intake header and branches to deliver 
to each of the several inlet valves identical charges of that mixture 
equal in quality and quantity. This is supposed to hapj)en regard- 
less of the total quantity of mixture required by the engine load or 
speed and regardless of any variation in air temperature, pressure, 
moisture, direction, and velocity of flight or fuel delivery pressure. 
The possibilities ox success in attaimng this mixture-making ideal 
must^ of course, depend on the definition of proper mixture, for in 
this IS to be found the allowable range of variation from aosolute 
constancy of quality. 

Mixtures that enter the cylinder with too much gasoline for the air 
to supjport in combustion wiU not be explosive if the vaporized fuel 
excess is large enough and with such mixtures the en^e is inopera- 
tive. Long before such a great fuel excess as this is reached the 
engine may be operatdve yet operate badly. It is clear that any 
excess vaporized gasoline m the mixture can not bum, so it will 
decompose or carbonize, depositing carbon all over the combustion 
chamber, including sjjark plugs andpiston head, and show in exhaust 
as smoke. Such a mixture will be operative for a time, such time as 
it takes for the carbon to accumulate in layers thick enough to glow 
on hot spots, such as piston heads^ causing back fires or preigmtion 
and possibly short circuits and miss fires from collections on spark 

Slugs if they are so designed as not to be self-cleaning. Carbon 
eposifB will also cause piston rings to stick and leak and impair 
lubrication when it collects on cylinder walls and between rings. 
To be sure^ a certain amount of just such carbonization can be traced 
to lubricatmg oil that works past pistons, but this is an independent 
matter to be separately treated by oil selection and supply system. 
Excess fuel in the liquid state may be present when the vaporized 
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§art and the air make a proper mixture, and such excess will partly 
ecompose as abore, but part will be dissolved by the lubricatmg oil 
and defeat lubrication besides being a dead loss. 

Excess vaporized gasoline in the mixture should be prevented, 
first, to prevent carbonization^ but also to avoid the slow combustion 
that results when the excess is too great. A small excess gives the 
highest rate of combustion and high rates of combustion are neces- 
sary in aero engines to permit of attaining the highest initial cylinder 
pressures with the very high mean piston speeds in use, none of 
which axe below 1,000 and some in excess of 2,000 feet per minute. 
By use of properly hi^ compression and more than a single point of 
imition a sufficiently nigh rate of combustion appears to be obtain- 
aole without resorting to such overrich mixtures with their carbon- 
izing evUs and direct waste of fueL It may therefore be set down as 
a reqpirement that mixtures preferably shoxdd not contain any excess 
fuel at any speed and load, and positively must not contain enough 
to cause carbon accumulation, measurable fuel waste, or interfere 
with lubrication. 

It goes almost without saying that mixtures of air and fuel must 
be homogeneous and uniform throughout; that is, the constituents 
must reaSy be mixed. On reaching the cylinder at least, no liquid ^ 
should remain unvaporized, or, to use a short word, the mixture 
shoxild be dry. A correct overall ratio of gasoline to air by weight 
as reg^uired for combustion reaction will not serve the purpose if the 
gasolme is in liquid form, or even if it is vaporized, but all concen- 
trated in one comer of the combustion chamber with pure air in some 
other comer, such as is sure, to happen with direct injection or with 
more unvaporized liquid admitted past the inlet valve than can be 
vaporized while entering. Such nonhomogeneous and wet mixtures 
win both carbonize and cut lubrication even if total weights are 
correctly related, so the- second and third requirements of mixture 
must be homogeneity, and dryness at least after admission. 

Other things being equal, a cool mixture carries more heat per 
cubic foot and hence more work capacity than a hot mixture of the 
same fuel and air. But with liquid fuel, mixtures that axe too cold 
are no mixtures at all, any more than a brook runniog throueh the 
country can be said to be mixed with the atmosphere, though rain 
by a stretch of the imagination might be, and a fog really is, though 
not so intipaate a mixture as vaporized moisture. Any gasoline-air, 
kerosene-air, benzol-air, or alcohol-air mixture, in corobining pro- 
portions may be dried if the temperature be hogh enough and the 
temperature required will be least for the fuels of greatest vapor 
pressure of their heaviest constituent if they are solutions of heavy 
and light parts, as is the case with the petroleum distillates. For 
any one fuel me required drying temperature is least the more 
intimately the air and fuel are mingled or stirred, so that any fuel 
particle will be required to exert only the partial pressure of the vapor 
m the final nuxture, instead of the full mixture pressure of one atmos- 
phere that is necessary without true mixing. Mixtures should, 
therefore, be as tool a.s possible consistent with <&ynes3 and the maxi- 
mum permissible moisture is that which will vaporize on entrance. 
The higher the mixture pressure the greater the work capacity of 
the charge, so that everything that contributes to such must be 
promoted as much as the preparation of cool and otherwise proper 

25302"— S. Doc 268. 6^1 ^15 
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mixtures. This means in effect that the pressure drop between the 
air and the cylinder must be a minimnm, but this is entirely a questdoxx 
of propoirtions of passages. 

Einallj with r^erence to mixture quality there can not be much 
excess air, preferably none. Of cqtttse, excess air can not cause car- 
bonization or lubrication trouble; in fact, it exerts a beneficial influ- 
ence tending to burn accumulated hot carbon or lubricating oil 
vapor, and it permits of a som'ewhat higher compression which 
improves economy. But aJl tihe explosive mixtures of hydro- 
carbon vapors ana air become nonexplosive in ratios very dose to 
the combining proportions on the excess-air side, and with even a 
slight air excess the rate of combustion becomes prohibitively low. 
SuTTiTnarisdng mixture-quality requirements; a mixture is proper when 
it has the least and pr^Eerably no excess of either air or fuel, when it 
is homogeneous, when it is dry after entrance and as cool as possibly 
consistent with homogeneity and dryness, and when it is^ supplied 
at the maximum absolute pressure. To produce such mixtures is 
iJie function of the carburetor. 

Carburetor mechanisms capable of -making noxtures of such 
specified quality under the previously noted conditions of air and 
fuel supply are practically nonexistent at present, and improvement 
can haroly be^ expected so long as carburetor production remaios 
a separate business, and purchasers buy on name instead of on per- 
formance, as is the practice, selling on name only, at present in the 
motor-car and motor-boat induskies. Not until the aeroengine 
producer develops carburetor specifications in terms of mixtures 
produced and testing appliances to prove fulfillment and to locate 
causes of nonfulfillment oi each, separate requirement can the needed 
mixture-making carburetor be obtained. Under these conditions it 
matters very httie whether the aero-engine builder makes his own, 
or buys on guaranty of performance, independent of engine operation. 

Very great progress nas been made in recent years in carburetor 
desim for automobile and marine engines, but the end has not been 
reached, because all data point to a failure to maintain the quality of 
mixture in all the specified respects. In some respects the problem 
is less difficult with the aero en^e than with the auto, as the former 
is not subjected to as wide a range of flow rates nor to such sudden 
and frequent changes in flow rates as are the lattei^ due to automobile 
driving m dense traffic or over country roads witii constant changes 
of graSe, curves, and rough spots requiring continuous opening and 
closmg of the throttie. xriis fact is responsible for the general prac- 
tice among aero engine builders of buying stock automobile car- 
buretors on the theory that, the service being less severe, they should 
work better on aero service; yet such a conclusion is not warranted. 
While it is true that flow rate fluctuations will not be so great and so 
cause less variation in proportions, it is also true that the normal con- 
dition of flying with feedT throttle wide open or nearly so produces a 
more intensive temperature drop, reducing vapor pressure and 
decreasing the degree of gasoline vaporization or mcreasing mixture 
wetness and condensing or freezing more water. It'is also true that 
far stronger variations of fuel and air supply conditions must be 
encountered in air flight than in road driving. What is still more 
sigEdficant, however, is the fact that the aviator has no such oppor- 
tunity to make hand adjustments as has the chaufleur, nor are the 
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consequences of anto-engine stoppage due to bad mixture hardly 
more than annoyance, while such a stoppage of an aero engine may 
mean a complete -wreck. It can not be too strongly stated that accept- 
ance for use of standard carburetors on their names, or even repu- 
tation, is not a satisfactory practice for aero engines. They should 
be deigned or purchased to specifications of maintenance of mixture 
quaHty under aU variations of -working conditions within possible 
ranges to be met with in service. 

iSiere seems to be no doubt after the years of experience in car- 
buretor construction for automobiles and boats that the gasoline 
float chamber apparatus, -with simultaneous vacuum flow of gasoline 
and of atmospheric air, is permanently established and must be re- 
tained. Adhering to this principle of coiastruction as the basis of 
proportioning and of the first step in mixing, does not prevent the 
addition of other elements to correct the faults inherent in the simple 
combination. Mixture proportioning correctors in the form of com- 
pensators to reduce the natural tenden<yy for gasoline to flow in 
excess at high rates of vacuum when the ratio is correct for low, are 
now available in considerable variety and some are fairly good, though 
even in the best there is consideraWe room for improvement. These 
compensators constitute the principal differences between modem 
carburetors. 

It is in control of nDOxture quality in other respects than propor- 
tioning that carburetors now available are lacking; for example, to 
render the mixture quality independent of atmospheric changes, fuel 
supply, pressure fluctuations, and above all independent of their own 
cooling action. This self-cooling is due to vaporization of gasoline, 
the latent heat for which lowers the temperature of the mixture 
below that of the entering air. Heat must be supi)lied if hquids are 
to be vaporized, and no amount of human ingenuity can overcome 
this law of physics. If the latent heat of vaporization be supplied 
from waste heat sources for so much of the gasoline as can vapome 
in its air supphed at atmospheric temperature, then the resulting 
mixture -will nave the same temperature as the atmosphere and there 
wiU be neither vapor condensation nor water freezing on the intakes. 
Such mixtures especially when the air is cool are not sufficiently dry 
and certainly are variably dry, dryness varying with atmosphenc 
temperature. To produce even this much effect requires a consider- 
able amount of heat from either hot jacket water or exhaust gases. 
To get this amount of heat into the entering air or the mixture it is 
necessary to observe the laws of heat transmission and provide suffi- 
cient heating surface of suitable form. To simply surround the body 
of the carburetor "witii a water jacket or to take the air from a short 
exhaiist-pipe jacket, which are the only means now in general iise, 
is entirely madequate, as can be proved oy simply taking the mixture 
temperature by a thermometer m the intake pipe or by observing 
the flow throudi experimental glass headers and branches. (3 
course such walTheaters wiH prevent any adhering frost, but they can 
not prevent its formation as free snow to be drawn into the cylinder&. 
This problem of mixture making by carburetors is one of the most 
important of all the elements oi the aero engine structure and the 
carburetor proper its most important apparatiS, on which much work 
has been done, but mqre remains, especially of the adaptation order. 
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Oil tihifl connectiorL Hie paper by Dr. Karl Bucbner on carburetion, 
jvhich. is one of lite best, is reproduced in fcdl in the appendix.) 

Distribution of the mixture from the carbturetor to the cylinder 
inlet valves without change of quality in transit, and in such a way 
as to insure a supj)ly of mixture of equal quality to each cylinder, is a 
problem of equal importance to that of correct mixture making and 
is intimately associated with it. If the carburetor should yield 
correctly proportioned mixed and completely dry mixtures, this dis- 
tribution neader problem disappears, and any form of branch pipe 
wall serve the purpose in place of the long elaborately curved headers 
now in use. Such mixtures are too warm to develop the maximum 
possible mean effective pressure. To get the greatest power output 
per cubic foot of piston displacement per minute requires a tempera- 
ture lower than corresponds to complete dryness, probably oorre- 

3 ponding to just such quantity of moisture as can be evaporated 
uring entrance throu^ the mlet valve and, therefore, the aero 
engine header may be expected to carry some moisture. 

^ Such mixtures have a tenden(y to separate the liquid, which resists 
division equally among the branches, and where vertical flow must 
take place there is a tendency for the liquid, which, always flows 
along the walls to drop back by gravity, to accumulate, and then 
sudoenly carry over as a wave, causing a miss, especially at low- 
engine capacity. To prevent lagging of Hquid, vertical pipes must 
be made so smaU as to produce skin fnction forces superior to gravity 
at the lowest flow rates. If this is done then, at high flow rates, a 
considerable drop in pressure with consequent loss of power will 
result, unless, as is often the case, the carburetor is located at the 
highest point and the liquid allowed to drain downhill with the 
mixture current in large pipes. On reaching a bend the liquid flowing 
along the side walls Sways collects on the inside as the air stream 
impinges on the outside, while at a Y or branch the liquid may choose 
almost any path and is quite beyond control, for wherever the mix- 
ture velocity is locally least then the liquid concentrates and this 

{)oint is constantly changing. The best that can be done is to use 
ong-radius bends and flow paths to each cylinder of approximately 
equal length and curvature, but this gives no assurance of equal 
distribution of liquid. The frequent use of two carburetors on six 
CTlinders in line and eight (rylmders V engines is evidence of an 
mort to reduce this trouble. 

The only absolutely reliable way to avoid these special headers and 
the icr^ular engine action that results m two cylmders never doing 
quite the same work or remaining equally dean, is^ to completely 
dry the mixture by raising its temperature, accepting the nigher 
temperature and lowered mean effective pressure in the interests of 
deMily, steady, operation, securing shorter simjplified headers^ and 
possibly making up lost output oy a small mcrease in cylinder 
diameter or by raising the mixture pressure by blowers. There 
really seems to be considerable reason for the use of blower-supplied 
air for carburetors other than to compensate for loss of density when 
mixtures are warmed to dryness, which, heating incidentally renders 
the engine more independent of variations of fuel quaKty than it now 
is. By suitable regulators the air blast can be controlled so as to 
give always the same absolute pressure at the carburetor intake^ 
regardless of barometer or flight speed and direction. Witii such, an 
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aiixiliary blower and pressure regulator, the friction effect of intake 
ports and small-diameter low-lift valves, wMIe remaining a direct 
engine resistance, will have no effect whatever on the weight of 
charge per stroke and the mean effective pressures. Other thiiigs 
being eqnal, an initial pressure in tiie cylinder of 16, as compared wiSi 
14 pounds per square mch absolute, an increase of 2 pounds should 
increase the mean effective pressure and power one-seventh, over 14 
per cent, while adding only 2 per cent additional load (if me mean 
effective pressme were 100 i)ounds), a net power gaia of over 12 per 
cent if the blower be. efficient. The use of such blowers is not 
unknown in two-cycle enrines, though four-cycle engines have not 
employed them as yet, ana the N. E. (New Engine Co.) two-cycle 
engme is so equipped, the blower in this case takiag the place of a 
piston as a precompressor to prepare the charge for entrance into the 
motor cyliader when the port uncovers. 

All two-cycle eiigines and all rotating cylinder four-cycle engines 
with inlet valves in pistons have mixture quality and supply con- 
ditions somewhat different from those of the four-cycle fixed-cylinder 
engines, and among the latter the air-cooled differs somewhat from 
the water-cooled group. The cyliader heads of four-cycle air-<50oled 
engiues are normally hotter than those that are water cooled, so 
that the mixture entering will receive more heat and may, therefore, 
be more wet as simplied, provided distribution from the carbureter is 
not a disturbing element, as, for example, if each cylinder had its own 
separate carbureter. If cylinders are not too larce and the aip 
cooling is vigorous it is possible to get the walls oi the air-cooled 
cylinder quite as cool as the water-cocUed one but only with excessive 
power consmnption for air circulation, the Renault, for example, tak- 
ing 8 per cent of its output for only such cooling as is normally pro- 
vided. Most of the rotatioff-cylinder four-cycle engines with mlet 
valves in the pistons, iaducfing the Gnome, for example, take their 
mixtures into^ the^ crank case at the shaft center. In tlds crank-case 
chamber, which is rapidly whirling, with pistons churning up and 
down at the same time, a most vigorous stnring and heatmg action 
takes place. It would be hard to conceive of a better mixture con- 
ditiomng apparatus than this Gnome crank case, provided there were 
some means of control of the temperature of the mixture, which in 
this case undoubtedly gets too warm, though dryness and homo- 
geneity are practically perfect. FinaHy, two-cycle engiaes take the 
Doixture from the carbureter into an auxiliary chamber for precom- 
pression, located in the crank case as the most favorable arrange- 
ment, or in a trunk enlargement of the main piston and cylinder 
preferably, as, for example, in the Laviator engine. ^ While, of course, 
this precompression mixture has the evil effect of imposing negative 
work, equivalent to engine friction, it is highly beneficial as to mix- 
tuie quality when the precompression chamber is so located, as is 
usually the case, as to get and stay warm^ because in this case the 
chamber is at once a misdture stirrer and heatmg dryer, heating partly 
by wall contact and partly by compressidn. 

Mixture treatment in the cyhnder after it has been made and 
delivered to the intake port, begins with actual entrance and pro- 
ceeds along different lines in the two and four cycle engine, in some 
respects. lN"early aU aero engines are f our-cyde engines, and these 
take the mixture in through a suction valve under the influence of 
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the lowered cylinder pressure maintaiiied by the piston outstroke. 
This admission shotdd oe accomplished with the least possible loss of 
pressnre and rise of temperature. Loss of pressure imposes direct 
negative fluid friction work, the extent of which is measured by the 
ve&city of flow through the valve, and the shape of the opening, 
^ but even with small vSves and badly shaped openings or portS; this 
loss may be, but not often is, very serious. Two pounds per square 
inch would be large and with mean pressures approaching 100 
pounds it would be equivalent to a little over 2 per cent. How- 
ever small it may be, it can be controlled by valve and port di- 
mensions and these, because of the high speed of aero engines, 
must be given far more attention than in any other class. It is the 
terminal pressure at the end of the suction that is one of the deter- 
mining factors in the weight-of the chaise, each pound per square 
inch accounting for about 7 per cent loss of power. Since inertia of 
the incoming stream tends to build up the terminal pressure over the 
mean suction pressure, if valve closure is delayed the right amount, 
the value is so great that care must be exercised to secure it, and 
Winkler recommends a closure 40^ after dead center. This^ de- 
layed inlet valve closure can be secured only by mechanical inlet 
valves which also give best control over the mean suction resistance, 
so that nnder no consideration should automatic inlet valves be 
employed, as they have been, to save valve gear weight, because 
more power is lost than would compensate for this wei^t. Charge 
density at the end of suction is just as much a matter oftemperature 
as of pressure, a rise of about 500® F. on entrance accounting of 
itself for about a 50 per cent reduction of charge weight and hence 
of power output, or approximately 1 per cent for every 10° rise, 
with the probability that the rise averages in weU-cooled engines 
somewhere about 200°, or 20 per cent, and m the less weU-cooled ones 
over 300°j or 30 per cent, in general round numbers. 

Reduction of suction heating is pcuiily a question of arrangement 
and partiy of wall cooling but to some extent depends on the tem- 
perature of the hot gases left in the clearance after the previous 
explosion. As to arrangement, head valves discharging mixture 
directly into the cylinder seem to be more rational than side-pocket 
valves, though no data are available to prove that the former results 
in less suction heating than the latter. It also seems likely that air- 
cooled heads and vaR-e chambers unless vigorously air blasted and 
of small chamber should heat the mixture more than water-cooled 
ones, but no one has ever determined how small a diameter can be 
equdly weU cooled by air and water nor how much air is needed. 
Nor can it be said how much of the total suction heating is due to 
exhaust gas mixture in the clearance with the fresh incoming charge. 
It ig interesting to note that the air-cooled radial fixed cylinder 
Auzani gave in the tests 99^ pounds square inch effective pressure 
referred to brake horsepower, as much as most of the water-cooled 
engines. 

TTot only is it important that the charge in the cylinder be as cool 
as possible for the maximum chaise density required for high mean 
pressures, consistent, of course, with complete vaporization, for which 
120** F. is enough with gasoline if the mixture is weU stirred, but it 
is perhaps even more important as the controlling factor in the per- 
missible compression. This degree of compression of the charge before 
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ignition is tlie prune variable in fuel consumption per horsepower hour 
and thermal efficiency, as has been demonstrated conclusively both by 
thermodynamic analysis and experimental data on aH classes of 
intemal-combtistion engines. The highest compression possible must 
be obtained at a]l costs, and since it is the ignition temperature of the 
mixture that imposes a limit the objective oi tiie engine designer must 
be to so treat the mixture as to get the maximum compression volume 
ratio and final pressure before 3ie mixture being compressed reaches 
the ignition temperature which is a physical constant of the mixture, 
never accurately determined but probably very dose to 935° P. This 
compression for the best wateivcoded engine has been found to be 
about 6 to 1 volumes and less for cylinder not so well cooled. Of 
comse, self-ignition before compression is complete will occur if any 
metal^ part, such as the exhatist valve or piston head, or a carbon 
deposit, is overheated, because this will produce a local overheating; 
of the charge in contact with the hot spot before the whole mass has 
reached the ignition temperatujre. Prevention of this is a matter of 
engine cooling and of the internal cleanliness liiat comes with proper 
lubrication and carbuiretion. Assuming such to be properly cared lor, 
the compression permissible with gasdine mixtures is fixed by the 
initial temperature'of the charge. The final temperature varies with 
the initial m a geometric ratio, as is indicated by the standard equa- 
tion for adiabatic compression, so a few degrees rise initially results 
in several times as great a terminal rise. 

Chaj^e weight per cubic foot of suction must be a maximum, and 
so also must the compression, if the mean effective pressure and ther- 
mal efficiency are to have the highest possible value, as they should in 
aero engiaes. All efforts in this direction may be entirely defeated, 
however, if there is any material leakage of the charge durjjng com- 
pression through valve seats or past the piston. It is of no value to 
secure maximum charge weights during^ suction if appreciable amounts 
are ^terwards lost b^ore the chaa^e nas a chance to do any work, 
lightness of piston depends on the i)iston rings, on the oil film between 
piston and cylinder, and on the maintenance of shape of cylinder and 
piston, neither of which may warp in, any direction. Valve leakage 
likewise is miriimized by providing nonwarping valve disks and seats 
with strong spring loads to keep the valve tigntly against its seat during 
the first period of compression; at other tmaes the gas pressure itsS 
will suffice. These are questions of form and material and will be 
taken up later, but they are mentioned here because a failure means 
defeat of the results of an otherwise well-executed suction process. 

Four-cycle enmnes, after the suction periods, have their charges 
directiy in the cylinder ready for compression and subsequent ignition. 
Two-cycle engines must put the chaa^e through the preliminary com- 
pression process in a precompression chamber where the mean pres- 
sure of precompression mtist be added to that of suction, the sum of 
the two subtracted from the moan effective pressure of me compres- 
sion and expansion strokes to get the net available. Ther^ore, 
asffl i mmg equal performance of the compression and expansion strokes, 
the two-cycle engrne is chained with more negative work than the 
four-cycle by the amount oi the precompression stroke, nfigmning 
equal negative work of suction in each. Suction heating effects on 
the two-cycle are bound to be less than in the four, because the pre- 
compression cylinder is sure to be cooler than the working cylinder 
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into whicli the f our-cyde cliai^e enters directly^ and so also is clear- 
ance gas "with which the fresh chaise mixes, as in the two-cycle case; 
this is reexpanded fresh chaj^e remaining after discharge, while in 
the four-cycle it is hot humt gases. All lias two-cycle pump chamber 
chaise wiU not enter the worifediig cylinder nor remain there, for some 
will remain in the precompre^ion chamber by reexpansion or failure 
of the pressure to drop durmg tihe open-port charging j)eriod to atmos- 
phere. Some win escape tihrough the exhaust port with the exhaust 
gases during the end of the transfer period when both transfer and 
exhaust are open, regardless of piston baffles of or special relative posi- 
tions of inlet and exhaust ports designed for the purpose. During 
transfer the fresh chaise booily displS^es the hot burnt gas that fills 
the motor cylinder and its deaxance, and it is inconceivable that a 
considerable amount of mingling should not occur with corresponding 
heating and expansion effects. These mixture-heating effects are 
added to those of wall-contact heating, which walls in the two-cycle 
engines are always much hotter than, in the four. The net effect is 
inevitably a discharge of some of the fresh diarge witih the burnt gases 
unless special arrangements are made to prevent this, and then each 
of these introduces its own evil. 

Two methods of preventing this fresh charge heating on transfer 
in two-cycle engines and consequent loss of charge are m use, one is 
to int-enfionally reduce the charge transferred to so small a quantity 
as will not escape, and the other to expel burnt gases by a olast of 
fredi air, and then to expel this scavenging air which, of course, is 
cooler than the burnt eas, by the fresh charge. The former means 
intentionally reduced c£.aige while the latter more than doubles the 
* negative work of precompressdon which in effect is equivalent. 

Some part of the compression stroke in any two-cyde engine, so 
much as'is required to cover the exhatist port, must result in further 
expulsion of diai^e. Naturally as in f omv<^de engines, the charge 
weight can be bmlt up in two-cyde engines to any value, by suffi- 
cient precompression, but to accomphsh this the charge must con- 
tinue to enter after the exhaust port is closed, which requires an 
admission or transfer valve mechanically operated and suitably 
timed, an extra comphcation. This is not common practice and no 
data are available on it, so for the present it must be regarded as 
merely an interesting possibility. 

In the two cycle engines the net effect of all heat exchanges and 
pressure changes, incident to charging the main cylinder, is im- 
doubtedly a lower mean effective pressure and thermal efficiency 
than in lour-cyde engines, and for equally good design - and con- 
struction in each dass the two cycle is unable to carry compressions 
as high as ^e four, proving hjgher temperatures before compres- 
sion. Any engine takmg its charge into the crank case, as do most 
of the rotating cylinder four-cyde machines, or into a chamber con- 
necting with tiie main piston, as the two-cyde Laviator, is subject to 
mixture quality impairment and equivalent charge loss, whenever 
the main piston leaks under its hagh explosion pressures, by the 
displacement of the fresh by the burnt gases. 

While dealing with diai^e weights and volumetric efficiency of 
cylinders^ the exhaust stroke ofthe four-cyde cylinder and the 
reexpansion stroke of the two-cycle precompression chamber must be 
considered as controlling by tneir terminal conditions of pressure 



9 



AJEBOlSrAUTIOS. 233 

the point of ^ the return or suction stroke at which charging will 
actually begin. No flow can be started from the intake header 
until the dyinder pressure is lower. At the end of the four-cyde 
exhaust stroke the (grlinder pressure is higher tJian atmosphere, and 
still higher than the mixture-header pressure hj the amount of the 
suction-header vacuum. Suction can not begm nntQ tie cylinder 
dearance volume of gases has expanded enough to lower the cylinder 

Eressure (terminal exhaust value) to below that of the mixture 
eader. An appreciable part of the suction stroke is therefore useless 
for actual chaimag, the loss increasing with higher terminal exhaust 
pressures and lower suction-header pressures. A similar condition 
'exists in the two-cycle precompression chamber; for there the pres- 
sure at the time^ the transfer to the working cylinder is complete 
miist be something higher than atmosphere, and the higher the 
speed the more excess mere must be, because of the limited time for 
pressure equalization. This mixture must expand not only to 
atmosphere, but as-mudi below as the suction header or carbureter 
vacuum, even with a medianically operated valve, and still more 
with the more common spring dosed automatic check valve, by the 
amount of spring tension and valve inertia, before real suctioncan 
begin. The clearance in sudi precompression dxambers is laa^e, to 
limit the maximum precompression pressure to something less than 
10 pounds per square inch, and, therefore, the reexpansion line will 
be very flat, cutting off a considerable pajrt of the strok»e as nsdess 
before the pressm-e has dropped sufficiently for suction to start. 
Many times the loss occurs here, as in four-cyde cylinders with their 
smaller clearances and steeper reexpansion lines, even with equal 
pressures at the start. 

No separate data are obtainable for aero engines on any one of 
these quantities concerned with diarge weight and the corresponding 
pressure and temperature dianges, nor is there any indication that 
sack information nas even been sought. Even the over-all effects, 
as measured by volumetric effidency, liave apparently not been 
investigated, though all that is required is a measurement of air 
and gasoline or exhaust gas and a comparison with the piston dis- 
placement, the ratio of volumes constituting the true volumetric 
efficiency. Other things being equal, the horsep^ower per cubic foot 
of displacement per minute Siould be directly proportional to this 
volumetric efficiency, so it is a little surprising that me aero interests, 
which must have the most powerful engine per pound of metal, 
should have neglected to separatdy^ study each of the prune varia- 
bles. As already noted, more designers seem to have been con- 
cerned with reduction of metal volume than with process perfection, 
though without proper execution of basic processes metal reduction 
may not only fail to give a light engine, but may even defeat the 
ultunate object by matdng the engine aa structumlly weak as it is 
weak in mean effective pressure or thermal effidency. It must not 
be understood that no good performance results based on proper 
execution of the processes have been obtained; in fact, there are 
some most remarkable successes; but, on the other hand, these stand 
out so strongly as to prove that the procedxure that has resulted so 
successfully is not the rule in the art, and may even iu the case of 
the successful en^e be as much a matter of good luck as patient, 
systematic investigation. 
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Assnmiia^ a good charge weight in the cylinder, or a high volu- 
metric efficiency, the cgrhnder Has at least the capacity for a high 
mean effective pressmre and ihermal efficiency, provided the subse- 
quent treatment is proper. This treatment consists in compression 
with ignition before it is completed; combustion as rapid as possible 
consistent with absence of shocks; arid expansion ending before 
the end of the stroke, by early opening of the fonr-cyde engiQB 
exhaust valve to drop the pressure to as near atmosphere as possible, 
at the end, and by uncovering the exhaust port of the two-cycle 
engine to get the same drop low enough before the end of stroke to 
allow the fresh chaise to enter. It can be shown that both the mean 
effective pressure and the thermal efficiencgr -will bp highest for 
a given cylinder charge when the combustion starts as late as pos- 
sible on me compression stroke and is completed as soon as pos- 
sible on expansion stroke, or, referring to the shape of the indi- 
cator.card, when the explosive combustion line is practically vertical, 
leaning, if at all, toward the expansion line Ihan oppositely. Such 
a conmtion of adlairs results in the Otto gas cycle, me efficiency of 
which is a function of compression only ana the mean effective 
pressure of which is a function, partly of the compression, but also 
artly of the heigl^t of the vertical explosion line, whicn in turn 
epends on the weight of the chaise or the volumetric efficiency. 
Should the^ combustion line be not of this shape, results are bound 
to be inferior, as can be demonstrated thermodynamically, and yet 
the maintenance of such explosion lines in service operation so 
fundamentally related^ to results, is now as much a matter of hand 
adjustment as of design. This is a strong reason for caution in 
applying special test results obtained by skilled enginemen, to con- 
clusions of aero engiae possibihties in actual service, where engine 
skill is likely to be less than in the shop or laboratory and where, 
even if it were not, the problems of ffight control are so absorbing as 
to«Tninimize the attention that can be given to engine adjustment. 
Recognition of tMs condition also suggests the great desirability of 
exerting sufficient effort in design, to reduce to a minimum or elimi- 
nate entirely the dependence of the operating result on such adjust- 
ments as affect the shape and position of the combustion line. Such 
explosion lines as are desired and needed for maximum power and 
thermal efficiency wiH result, if the combustion period is confined to 
within a sufficiently small crank angle at the inner dead center when 
the piston is substantially at rest, and it is common to take this 
angle as about 30^ half before and after dead center. At a rotative 
speed of 1,200 revolutions per minute about the minimum for the 
good aero engines, or 20 revolutions per second, each revolution is 
* completed in 0.05 second, and an angle of 30° being one-twelfth of a 
revolution combustion will be completed in about 0.004 second. 
The higher speed engines of 2,400 revolutions per minute must accom- 
plish the result in half the time or 0.002 second. In this short time 
the mixture must be ignited, and the flame commxmicated from 
particle to particle, till all the mixture has been burned, even the 
part most distant ixom the igniter. Assuming a uniform linear rate 
of flame propagation or flame speed and a 6-mch diameter cylinder 
about as lai^e a one as any aero engine carries, the flaine must travel 
half a foot in 0.004 to 0.002 second, which requires a linear velocity 
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of 500 to 1,000 feet per second, or 30,000 to 60,000 feet per minute 
if a single igniter is used on one side. 

While no direct data on the possibility of attaining such rates by 
nonnal propagation are available it is likely that from interpretation 
of indirect data, they are probably not reached, so the rates are 
abnormal or maximum pressures not attained. At any rate condi- 
tions that could in any way improve this situation must be grasped 
and utilized. The first of these is concerned with mixture propor- 
tions which exert so strong an influence on the rate of propagation 
in explosive combustion. This is another argument for penection 
of carburetion, and for the continuous mainteaiance of the exact pro- 
portions foimd best, because even a slight bhange of proportions, 
such as would never be noticed in an automobile, may exert a 

Eowerful influence under the steady high speeds of the aero engine. 
Text in order comes the flame path itsdf wMch if cut in half remices 
the necessary combustion rate to half and this is partly a question of 
shajpe of combustion chamber and partly one of number and location 
of Igniter plugs. ^ It certainly shouM take less time to inflame the 
charge in an engine with valves in the head than in a tee-head form, 
for example, if each had one plug, so the former shape is preferable on 
this score. It would seem as if one plug located in the center of the 
head would igiite the whole charge in the time required for the 
flame to travel a distance equal to the radius and, tnerefore, that 
such a location whould halve the time required by one plug located 
at the side^ yet no such degree of difference has been established. 
Moreover, it would seem that two plugs simultaneously sparking, 
and located at opposite ends of one diameter would reqiure more 
time to accomplish ignition than one in the center as eadi separate 
flame would have to travel more than a radius to bum aH the mixture, 
and yet two buch plugs seem to give a quicker combustion than the 
one m the center, instead of slower. This question of combustion, 
rate versus spark plug location and number is still pretty well open, 
though clearly of considerable importance in securmg proper com- 
bustion lines for most ejOEective working. Reliability should also be 
served as there is a better chance of avoiding failure witii two inde- 
pendent magnetos and two sets of spark pmgs than one, and this 
much has been established & good practice, but accurate simulta- 
neous sparking of both plugs is absolutely necessary. 

There are two considerations that bear on the question, both of 
which require definite investigation. In the first place it is the 
volumetric rate of combustion that is of primary importance, not 
the linear rate. It is clear that a greater volume of mixture will be 
burnt with a fixed linear rate, if Qie ignition is at the center of a 
complete sphere of flame as the sphere ms a greater volmne for its 
radius than any other geometric Dody. This would seem to favor 
central ignition, but as the normal aero engine combustion chamber 
with head valves^ is a short cylinder in which the axis is short com- 

Sared with the diameter, igmtion at the center will burn in the first 
alf of the total time a mixture volume proportional to the area of a 
circle of half the bore, while during the second half the circular ring 
between this crrde and the cylinder wall will bum and tlii« ring has 
liiree times the area and volume of the center cylinder. Therefore, 
with central ignition, tiie volumetric rate is low at firat, and high 
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at the end, averaging three to one in the second as compared to the 
first half, and it is Sie second half that is most imporfent becanse 
bere expansion is beginning and tending to loTver pressures which it 
is the function of combustion to raise. If the situation be reversed 
so that the higher rates occur in the early part of the period available, 
then there toU be less to bum after expansion has started and this 
will be accomplished by two plugs. The second consideration is that 
of non-uniform rate oi propagation or accelerated combustion, and 
recognizes that mixtures whicn are agitated, bum much faster than 
those that are (juiet. The advancing combustion wave started at 
any ignition pomt agitates the mixture beyond, somewhat hke a 
compression wave, and two igniters may be expected to increase 
this agitation and so accelerate combustion, compared with single 
point. 

Whatever the rate of combustion, it is necessary to start com- 
bustion before the end of compression, and the slower the com- 
bustion rate, or the higher the piston speed, the more advance must 
be allowed. This advance, needed to limit the combustion completion 
time must be as smaU as possible because pressure rise during com- 
pression is just as detrimental as excessive friction, and is accepted 
at all only as the lesser of two evils. It would seem as if, with 
sufficiently high volumetric rates of combustion, and a sufficiently 
large number of ignition points, spark advance would be minimized. 
Manual advance might even be eliminated entirely as an operator's 
adjustment, if the magnetos and distributors used had proper 
electrical characteristics with speed increases to give earlier sparks 
passage at higher speed. "With widely varying throttle openiags and 
engiae speeds, such as are typical of auto engmes,. chances of success 
are more remote than with aero engines where speed and throttle 
positions are changed so seldom. 

While it is possibly to experimentally determine the dcCTee to which 
■each process step important to the power weight raSo has been 
executed in an aero engine, and to measure the precise amount of 
diskirbiag effect of eacn interfering influence to be encountered in 
practice and, therefore, experimentdly study processes with reference 
to reliability and adaptability as well, no such work appears to have 
been tmdertaken or, if it has, the resultsphave not been recorded. All 
that has been published with respect to the judgiag of process ful- 
fillment has been concerned with a few simgle over-aJl measure- 
ments of horsepower, speed, and fuel consumption from which some 
conclusions are derivable, but not of such significant value to designers 
and operators of engines as would be the case with trae investigation 
work of the analytical character that accoimts separately for each 
factor that enters into the result. As has already been pointed out, 
these results are subject to some interpretation by comparison, one 
with the other, and each with thermodynamic standards. All the 
facts necessary for the latt^ are not available^ and must be assumed 
in part, so the conclusions will be correspondingly approximate and 
subject to caution in use. 

Srom the measured brake horsepower and speed, the speed can be 
eliminated by division and a quantity obtained wliich measures the 
effectiveness with which those processes that are concerned with 
output have been executed, and this is the mean effective pressure 
referred to brake horsepower. This quantity, of course, includes all 
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negative work of gas friction throngli carburetor header ports, valves, 
and esiiaxiBt mnfiSBr, all mechanical friction, all fan, ptinip, and mag- 
neto work J all negative work of precompression in two-cycle engmes 
and the windage of rotatdng cylinder engines. For the most satis- 
factory conclusions these included items of loss should be separately 
determined and certainly the motor cylinder work done behind its 
piston should be isolated from the rest, but up to the present the only 
separate factor thus embraced is the windage of tiie rotating cylinder 
engines in tte German tests. Comparison of these over-all competi- 
tion test results giving the mean effective pressure referred to brake 
horsepower jvdth each otiier is possible from Table IV. 



Tadlb rv. — Mean effective pressures referred to hrahe Jwrsepower versus engine dosses. 
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Table IV. — Mem effective pressures referred to brake horsepmoer verstLS engine cZojflM—Oontiiiued. 
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Table IV.— if«zn effective prasures referred to brake horsepower verms engine cZomw— Continued. 
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Values of mean effective pressure exceeding 114 poundls jper 
square inch, referred to brake horsepoTver, reported for one eumne, 
and in many instances in excess of 100 poimos per square incn for 
water-cooled fixed-Ksylinder engines, ^warrant tne conclusion that 
little betterment is possible in view of the prevailing lower figures 
in engiues of other classes. These attained values are truly remarka- 
ble and can hardly be exceeded unless the initial pressures axe raised 
above atmosphere by^ blowers. That some engines do not attain these 
values is proof of their inferiority of design, but there is some question 
as to capacity for maintenance of the high value after long periods that 
can be settied only after very long triafruns. The cont^t figures are 
reliable and acceptable for tne conditions imposed, and if sudi values 
can be maintained in flight, little more can be expected. Such a 
high value as 127 pounds reported by one maker can hardly be 
credited,' nor can so low a value of 74 poimds be regarded as good 
enough to be acceptable. Air-cooled cylinder values are consist- 
ently lower even for fixed cylinders and much more so for rotating 
cylinders^ which indicates a fundamental inferiority. 

There is some question of the validity of a comparison of mean 
effective pressures for different engines at unequal speeds, especially 
as xotatiilg cylinder engines are never run over 1,500 revolutions per 
minute wmle fixed ^hnder engines are operated over. 2,000 revolu- 
tions pey minute. To eliminate such an objection and at tiie same 
time permit of a judgment of the best speed at which to run an engine 
of given design, the horsepower-speed curve should be determined, 
or its equivalent curve of mean torque speed, or of mean effective 
pressure referred to speed. It is evident tiiat, if with an increase of 
speed the mean effective pressure remains constant, then the horse- 
power will be proportional to speed, and the best speed to use for aero 
engines will be ine highest at which the iaertia or centrifugal forces 
are not excessive, assuming proper bearing conditions to be provided. 
This best maximum speed for fixed cylinder engines is undoubtedly 
tile speed at which tiie inertia force of the reciprocating parts at the 
beginning of tiie outstroke is equal to tiie normal maximum gas- 
pressure force acting on the piston. For these conditions the force 
transmitted to the crank pin at the moment of explosion will be zero, 
gradually rising through the stroke and will be maiataihed hign 
until near the end of tiie outstroke during tiie last half of which me 
increasing inertia forces are additive to the lessening gas pressure 
forces. Ihiring the idle stroke of suction tiie inertia lorce acting 
alone imposes ]ust the same crank-pia forces as would the explosion 
when starting. Any less ineartia while reducing the transmitted 
crank-pin forces for idle strokes increases them at tne beginning of the 
working stroke. As the normal or most used speed is less than the 
maximum and the maximum gas pressures likewise, this normal con- 
dition and not that of maximum should be made the basis of selection 
of operating speed for TninimTim weight of engiae, coupled with gen- 
eral serviceability. The speed at which normal maximum gas pres- 
sures win be balanced agamst reciprocating inertia, which is a lunc- 
tion of tiie square of the speed and of the weight of parts directly, 
wiQ, of course, depend on these weidits. Heavy reciprocating parts 
may be best operated at lower speed tibtan light reciprocating parts 
which include piston, wrist pin, and pairt of the connecting rod. 
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For a ^vater-cooled engine of th.e automobile type Winkler gives 
350 pounds per square mch as tl|p maxunimi explosion pressure. 
Accordingly from the equation, reciprocatlDg inertia poxmds per 

W . W 

square inch of piston = 0.00034 — iW, and taking — =» 0.5, cal- 
culated from the weight distribution figures given by Winkler, the 
speed at -vs^hich this would become equal to 350 pounds per square 

inch is 2,640 revolutions per minute. (Note. — 11 pounds recip- 
rocating weight per sc[uare inch piston, N = revolution per minute, 
r a» radius of crank in feet.) The rotatio^ cylinder engine intro- 
duces a different condition, for here the reciprocating parts always 
exert a centrifugal force vaiying from a masmium at out center to 
a -mini-mnTn at mner center and such as will keep the connecting 
rods always in tension if speed and reciprocating wdghts are large 
enough to develop centrifugal forces higher than the gas pressure, 
the maximum for which is found at 250 pounds per square inch 
normal 

From this standpoint the operatiog speed or high limit is fixed 
by the weight of reciprocating parts, and the normal maximum gas 
pressures, and this is the conto)l1ing factor so long as mean effective 
pressujres do not fall off materiallv with speed. Examination of 
any horsepower-^apeed curve will snow it to have a straight line 
form up to some critical value which is easily determined by test, 
though no authentic cmrves are available for aeso engines. Of 
course, this mtical speed must be beyond the operating range and 
is a second high limit to be considered in conjunction with that im- 
posed by inertia. The best procedure is und.oubtedly the selection 
of suchi proportion of gas passages, carburetor, and ignition condi- 
tions on the one hand, and reciprocating parts weights on the other, 
as will bring the critical speed equal to tne inertia speed limit. Cur- 
vature of Shie horsepower-speed curve is due partly to increased 
losses of chaa^e at the higher speeds, and partly to Insnfficient rate 
of combustion. "Which of these two is in any instance the control- 
ling factor must be discovered before any plan of improvement can 
be undertaken and this is most directly done by plotting the volu- 
metric efficiency-speed curve beside the horsepower-speed curve. 
If the latter departs from the straight line before the former, it is 
clearly not due to insufficient charge. In such a case enlargement 
of valves or ports, or reduction of carburetor vacuum will not im- 
prove matters at all, as it is a low rate of combustion that is respon- 
sible for the^ result, to cure which attention mtist be devoted to 
mixture quality and ignition. 

Fuel consumption per horsepower hour, or the equivalent thermal 
efficiency, is also an indication of the overall effectiveness of the 
process execution, and comparison of engines on this basis can be 
made from the data of Table V, selected from the test reports. 
These would tell more if divisible into the factors as iadicated in 
considering the mean effective pressure. 
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Table Y.—Fud cotmanptUm (pounds per brake horsepower^hawr) and thermal efficiencff 

versus ej^ne dassea. 
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Tablb V. — Fad contumption (pounds per brake Jiorsepower-hour) and iherTndl efficiency 
^tersus engine cZaMc»— OontanuetL 
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Uako; 




Lnmet. 






Wright. 




f 'i' 
1913 Gnome. 






a53|^ 0.23 1 








a 16 






















HalEer. | 




1 Lnmet. 






N. B. G. 
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Table V. — Fuel consumption {potmd$ per brake Jiorsepower-hour) and thermal efficiency 
versus engiTie cHasaes — OontirLUed. 



Class No. 



IV. 



(^linder-craiiJc arrangement. 



Fixed In Una, 1 
cjilnder per craulc 



WxsdV.acyiin- 
dfirperoiaD^ 



Botatlng. 



S'izedstar. 



CooUDg. 



Water. 



Water. 



Air. 



Air. 



Water. 



Engine or maibar- 



Argos, 










FueL 


(denoy. 


FueL 


EfQ- 
clenny. 


FueL 


Effi- 


EueL 


Effl- 
ciency* 


EueL 


Effl. 
denoy. 


a534 




































B. 


1 








Argos* 










0.5S3 


0.23 




































i 








Argos. 1 










ai)S8 
















e 




















B. 




•. 1 


1 




llnlag. 














































1 




1 






SduStor. 










0.021 


0.22 


































1 




1 
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Table V.— jPtwZ oonmmption (pounds per hrdke horsepow^r-lumr) and thennal efficiency 
versus engine dosses — Contmued. 



No. 



IL 



IV. 



Cylinder-cranfe anangemenL 



Fixed In line, 1 
cylinder per crank. 



Kxed V, 2 cylin- 
der per cranlc 



Rotating. 



Eizedstar. 



Cooling. 



"Water. 



"Water. 



Air. 



Air. 



Water. 



Sngine or maker. 



Han-Scott. 










FueL 


Efla- 
olenoy. 


FueL 


dency. 


FueL 


Effl- 
denoy. 


FueL 


Em- 

oieocy. 


FueL 


EfB- 
oieni^. 


0.6 


aai 


































Maker. 










Anstro-D almler. 










0.fi2 


0.26 


































Ooveniment 
Acceptance Test 


1 


1 






1911 Lebor^Avia- 
tlon. 










0.017 


0.22 


































Lamet. 




1 






IDUAviatlo. 










0.G95 


0.23 


































Jab 


net. 


. 









Note. — For Ccntiuental engines a -caloriflo value of 18,900 British thermal units per potmd lias bees 
aaaomed, for AmaHf^n and Britlali engfaea 20,400 British thermal units per pound. 

Fuel consumption of less tliaai half a pound pear brake liorsepower- 
houT; reported lor fixed water-cooled cylinders on reliable authority, 
-with corresponding thennal eflBiciencies approaching 30 per cent, are 
nothing short of wonderful for such high-speed engines, and judging 
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by the performance of other classes of engines and by the thermo- 
dynamics of limitiTig possibilities, little more can be expeoted. What 
must be sought for here is, therefore, not an improvement of the 
best, bnt a general raising of the poorer ones to level of the best, 
and the mamtenance of me high test value in actual-sendee flight. 
In this prime factor, as in that of mean effective pressure, the feed 
water-cooled cylinder has a demonstrated superiority, while the least 
favorable is the rotating air-cooled. The difference between the 
best and worst is very large indeed. 

Comparison of engine results with each other, especially when it 
is not possible to divide overall results into contributing factors, can 
give no information as to how far it may be possible to further im- 
prove engines. It merely indicates which is the better, and may 
throw some light on type availability, as, for example, the fuel con- 
sumption of two-(yjrcle engines must always be greater than four- 
cyde, if each is equally well designed; or again, air-cooled engines 
may or may not .have as high a mean effective pressure as water- 
cooled. 

Thermodynamic standards of comparison do^ indicate goodness 
more absolutely, and these are now in general use in engin eering prac- 
tice. Accounting for and ehminatirig operative conditions, sudhi 
absolute standards illuminate the goodness of the machine with refer- 
ence to the execution of its basio process. Such, for example, is the 
c^e with steam turbines, the performance of which is compared with 
that of the RanMne cycle as a standard, for equal initial and terminal 
conditions of pressure, temperature, and steam quality. It is also 
the case with internal-combustion engines of the classes that have 
really been subiected to any reasonable degree of investigation 
whicn are judged by the Otto and Kesel gas cycles. But the aero 
engine has not as yet been so studied. According to this method 
equations are derived from a study of the ideal Otto gas ^cle for 
thermal efficiencry and mean effective pressure. Thermal efficiency, 
for example, referred to indicated horsepower is found to be a function 
of the amount of compression only, and given by the following equa- 
tion, in which the subscript (jb) refers to me condition after, and (a) to 
that before, compression: 

Coniparing this with the thermal efliciency of an engine of known 
compression results in an efficiency ratio, and in Table VI are given 
some values for aero engines, computed with what data are av^able 
and certain assumptions noted. As the fuel consumption per brake 
horsepower-hour is Hie only experimental quantity Beside the com- 
pression, the factor includes all losses, both mechanical and thermal, 
whidb former should really be separated out. 

Similarly, mean effective pressure can be shown thermodynamically 
to be not only a ftmction of compression, as is efficiency, but also of the 
calorific value of the mixture, the negative work and suction heating 
or volumetric efficiency. As these ^ects are not separately known, 
and as all aero engines work on gasoline, although benzol is also used 
in Germany, and are capable of making and using the same c^rifio 
power mixtures measured at S2^, and one atmosphere, this factor 
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disappears as a variable, and becomes a constant 103 British, thermal 
tmits. The equation then takes the following form: 

(m. e.p.)'^5AX 103 X [^1 - (^)^^] = ^56.2 X E 

Comparison of this computed resxdt with that measured by test 

fives the diagram factors of Table YI, including all losses due to every 
ause. Comparison of the diagram factor with the efficiency factor 
for each engme indicates whether or not the interferences affecting 
one are greater than those that affect the other. For example, two 
engines might have identical efficiency factors and yet one may heat 
the charge much more than the other with a lower volumetnc effi- 
ciency, TThis one wiU have a very much lower diagram factor than 
the other, or otherwise the ratio of efficiency factor to diagram factor 
wiU be different, and such is the case in general, comparing air-cooled 
with water-cooled engines, especially if me former are of me rotating 
cylinder heated crank case sort. 

Table YI.— Diagram factors and effictericy ratios. 



Class No. 



m. 



IV. 



Cylinder cnmk anroigement 



Fixed in line of 
laylinder. 



Flaed V?, a^jylinder crank. 



Botating. 



S'izedstaz; 



Cooling. 



Water. 



Air. 



Water. 



Air. 



Water- 



Sogine or xoabsr. 



BCDE. 






B. 11. & F. W, 


Kleoport 


Salmson. 


P. 


B. 


P. 


E. 


P. 


K 


P. 




P. 




P. 




niag. 

fact 

,v 


rat& 


Diag. 

feet: 


£ffioi- 
enoy 
ratio. 


BiaK. 
fact 


Effld- 
cncy 
ratio. 


DIag. 


Effici- 
ency 
ratio. 


Diag. 


Effici- 
ency 
ratio. 


Diag. 


Effici- 
ency 
ratio. 


106.0 
.353 


0.29 
.630 










Gd.6 
,222 


0.16 
.348 




0.17 
.370 


78.2 
.260 


0.224 
.4S7 






















naimler. 






Gyro. 


1911 Anxani 




103.6 

102.0 
.345 
.340 


0.27 
.28 
.5S7 
.60S 










76.9 
.266 


o.ir 

.870 


79.6 
.332 


0.20 






!::: 


























Daimler. 






1011 Gnome. 






107.1 

107.1 
.367 
.357 


0.27 
.26 
.587 
.565 










/66.9 
I 65.4 
/ .223 
\ .216 


1 0.17 
} .370 
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Table Yl^—DiagrcrnifajctcTaandeJ^ — ContLnued, 



Glass No. 



IL 



JJJL 



IV. 



Cjilnder crank arrangement. 



Fixed in line of 
1 cylinder. 



Pized V?, a-oylinder crank. 



Botatiog. 



Fixed star. 



CooIfDg. 



Air, 



TTater. 



Air. 



Air. 



Water. 



Tgn g tni ) or maiksr. 



N. A. G. 










i 


P. 




P. 


E. 


P. 


-EL 


P. 




P. 


E. 


P. 


E, 


Diag. 


Effioi- 
enoy 
ratio. 


Diag. 
fact. 


Effici- 
ency 
ratio. 


Diag. 


Effici- 
ency 
ratio. 


Diag. 


Effici' 

ency 

ratio. 


Diag. 


ency 
ratio. 


Blag, 
iact. 


Effici- 
ency 
ratio. 


101.0 
M.0 
.337 
.316 


0.2S 
.26 
.60S 
.565 






































































































Angns. 












106.5 

107.0 
.355 
.337 


a26 
.23 

.666 
.500 






































































































Anstzo Daimler. 












91.0 
.31 


0.26 
.665 






























































Cheno. 












109.6 
106.5 


.253 




























































^ 














S0.3 
.267 


ai83 
.417 






























































Green. 












77.0 
.258 


6.23 
.501 































































Note. — is thermal efficiency referred to Imike horsepower and P. Is effective pressure pounds 
per square inch referred to brake horsepower. 

On acconnt of lade of rmfflnfent data tor individnal wigfn a compression ratio of i.^hasbeaia35amed 
for all englnfis, eqoiralsat to an air oaid offlolQiioy of ^.0 per cent and theoretical Jf. J?.P.—aw. 



.mtowAUTios. 258 

These figures, which should throw so mucn light on performance, 
are, as a matter of fact, of but little value because pf^the absence 
of accurate data, espedalhr on compression and engme friction, both 
paechanical and flmd. Iliey are, nowerer, given to illustrate the 
method of judging by thermodynamic standards rather than by 
simple comparison of engmes one with the other, in the hope that 
in niture tests such data will be obtained as to make possible the 
determination of both diagram factors and thermal efficiency ratios. 

Continuity of the operation of mixture treatment in the cylinder 
is dependent on the maintenance of a steady state as to temperature 
of the metal parts, and this is possible only by a cooling system of 
considerable complexity from the thermal standpoint, however sim- 
ple the apparatus may seem, superficially examined. Coolhig for 
the maintenance of a steady state of temperature ih the metal jjarts 
is not of itself sufficient, as the parts must be held to a low limit of 
temperature, which requires a definite heat conducting and dissipating 
cajjacity in proportion to the heat receiving capacity of the part. 
This limit of allowable temperature is imposed not only by the re- 
quirements of the charging and compression functions but is neces- 
sary for other reasons. If metal parts become too hot oxidation sets 
in, stiflEn^ is reduced, and deformation, both the temporary sort 
resulting from expansion and the permanent sort dhe to molecular 
rearrangements, becomes troublesome. Cylinder lubrication is also 
dependent on the temperature of thfe metal surfaces, of piston btoel 
exterior and cylinder interior, which, if too high, prevents any oil 
remaining witiiout destructive distillation or carbonization, or 
impairs its lubricating value by excessive reduction of viscosity. 

Heat is received by all metal parts in contact with the hot gases 
and these parts include tiie cylinder head, inlet and exhaust vflves, 
the waUs oi any valve pockets, the igniter plug, the piston head, and 
the whole interior of the cylinder wall exposed at the end of the out- 
stroke. The heat received by the cylinder j>roper is greatest for the 
part exposed during the first part oi expansion iust following explo- 
sion, and extremely hot gases are in contact with the whole mterior 
of the clearance space. In addition, heat is given up by burnt gases 
escaping through the exhaust valve 'and ports to the valve and its 
stem to the stem guides, port walls, and connecting parts of the cylin- 
der head or the side pocket that carries the esdiaust valve. 

Heat received from hot gases must be conducted through the 
metal by more or less devious and rarely straight paths to the external 
surfaces of the metal walls from which heat may be abstracted. The 
first means of abstraction from the exterior faces of the walls is air in 
motion, induced or driven by a fan which maybe separate, or the pro- 
peller itself. In some cases the free air moving past with the velocity 
of ffight is relied upon, but the most imique arrangement is that 
of the rotating cyhnder cooperating with the free air movement. 
The second means of abstraction is water or oil, or in general a liquid 
circulated by a pump, first over the heat receiving walls and then 
through the radiator where the free air again takes it up with or 
without the assistance of a fan. A third method, as yet used in very- 
few aero engines, though frequentiy used elsewhere, is the boiling 
water jacket, noncirculatting, with an air cooled steam condenser and 
condensate return. In any case the ultimate disposition of the heat 
is to the free air, and when liquids are interposed as carriers it is with 
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the idea that some good results -will follow what appears' to be at 
first an indirect method. The only sort of good result that "would be 
worth while is a better abstraction from heated walls in steadiness 
and degree, and that such is the case is nnquestionable, not only on 
rational grounds, but by experimental demons trations. 

Whenever heat is to pass between a fluid and a bodv of metal, 
it has been established that a layer of fluid adhering to the metal as 
a film acts on the heat flow as an insulating layer. The thickness of 
this dead fluid film, and therefore its thermal resistance, depends on the 
condition of fluid motion, or, as it has been termed, on tiae scrubbing' 
action* High velocities always reduce the film thickness and the 
thannal resistance. Th& thermal resistance (reciprocal of the con- 
ductivity) of gases and, therefore, of gaseous films of given thickness, 
is of the order of magnitude of 1,000 times that of metals and 10 
times that of ligtdds and the thermal resistance of liquids 100 times 
that of metals. 

Heat flowing from hot cylinder gases to the air directly must, there- 
fore, pass through a complex path of at least three parts, a dead gas 
film on the inside walls of the cylinder, the metal wall and a second 
dead gas film on the outside. "When a circulating liquid is intro- 
duced tiie path is more complex, consisting of a dead gas film on 
inside cylinder *walls, the metal walls, a liqmd film outside the walls, 
a second liquid film on the inside of the radiator, jacket, or water 
pipe walls, and finally a second gas film on the outside of radiator 
jacket or pipe. Each of these elements of the heat path exerts a 
thermal resistance to heat flow, and the resistance of the whole path 
is the sum of the separate resistances. 

Heat flows according to a law similar to Ohm's law for electricity, 
inasmuch as the flow varies directly with the difference of potential 
or temperature, and inversely as the resistance. Therefore, over 
any complex path, consisting of several parts each of ditferent resist- 
ance senes as the same quantity of heat is passing through aU, the 
whole temperature drop is divisible into partial temperatare drops 
in the proportion of the partial resistance to^ the whole resistance. 
The resistance of any one part of the path is inversely proportional 
to the conductiyity of tiie substance, is directly proportional to the 
length of path in the direction of heat flow, and is mversely as the 
cross section of path at right angle to the neat flow. Accordingly 
the temperature drop through a gas film is almost a thousand times 
as great as through a metal wall of equal thickness, and the drop 
through a liquid film also of the same thickness would be about t^ 
times that tnrough the^ metaL Gas film thicknesses and thermal 
resistances on the interior of the combustion chamber, because of 
lack of circulation there, must be fairly thick and so highly resistant. 
THiese interior gas fihn resistahces must be much greater than the 
air films on the exterior where air is blasted over surfaces and very 
much more in turn than the resistance of films of liquids circulating 
over those exterior surfaces. Of all the temperature drops, by aH 
odds the least is that through the thin cylinder walls when the flow 
is direct. ^ » 

The object of the design of the cooling system is to keep the inte- 
rior metal walls as cool as possible, and these walls will pe cool in 
proportion as the thermal resistance of the heat flow path is greatest 
on the side of heat reception and in proportion as the resistance on 
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the outside is small and the heat flow path through the metal short, 
or in the event of this being impossible then of equivalently larger 
cross section. 

By reason of the fact that they normally work at or nearly at full 
power and at. such high speeds, aero engines develop more heat per 
square inch of wall interior than any^ other class of mtemal-combus- 
tion engines of the same bore, and it is an onen question whether cyl- 
inder bore has much, if anything, to do with this quantity. Coolm^ 
mxist, therefore, be more effectively provided than m any other simi- 
lar engine, so that careful study of heat flow conditions should be 
well repaid in improved results, both as to maintenance of high 
power and rehability. While considerable advance has been made m 
this direction it is more concerned with general system than with 
details. The literature, for example, is fim of controversial matter 
on air cooling versus water coohng, on the relative merits of air 
blasted fixed versus rotating cylinders, and such matters of general 
arrangement, but there is a general lack of attention to the rational 
thermal analysis or design of the heat flow path for control of its 
resistances and temperature gradients. 

Cooling of cylinder-barrel walls is perfectly easy by^ either air or 
water, but to get air cooling as effective as water ttie air must circu- 
late many times faster than the water, which is quite effective, 
whether it has any material velocity or not. Extension of exterior 
surface is, of coiirse, a direct and rational means of reducing the nec- 
essary air velocity to secure a rate of heat abstraction that will keep 
the temperature of the metal waDs much nearer to that of the circu- 
lating air than to the interior hot gases. Such ribbing is quite unnec- 
sary with water or oil in jackets as the rate of abstraction by tins 
medium of higher conductivity is so high that no more abstraction 
surface is required than that receiving heat to keep the metal at a 
temperature very close to that of the uquid* 

Difficulties of cooling beghi only on the irregular parts and increase 
with their irregolarity or thermal isolation from heat dissipators. 
The first irregular element met is the cylinder head or side valve 
pocket. This receives heat over the whole interior, including the 
valve faces, and also from the walls of the exhaust port. It can not 
be of uniform metal tliickiiess, and by reason of valve seats and ports 
the metal heat flow path can never be of uniform length, so it is to be 
expected that however uniform in temperature the interior of the 
smooth cylinder barrel may be no such condition can. apply to heads 
or valve pockets. The intake port and valve, with its stem and stem 
bearing, are coolers and need no other cooling than is available from 
the incoming charge, especialhr when the mixture carries some liquid 
still to be vaporized. It is this inlet self-cooling that is responsible 
in part for lowered volumetric efficiencies, so the heat exchange here 
that helps in one direction is harmful in the other. 

Exhaust ports, whether cast in or welded to sheet metal or screwed 
into machined seats, can not be too well cooled,^ because they start 
at the ecdiaust valve seat, at which point heat is received on both 
the port side and combustion chamoer side. EWtiaust ports also 
carry the stem bearing of the exhaust valve, which is the only 
means of disposing of l2ie heat received by the valve itself on eitiier 
side. For the amount of heat received and to be disposed of, with- 
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out undue localized rise of temperature at the exhaust valve seat, 
these exhaust ports of cylinder heads or valve pockets are normally^ 
not cooled sufficiently. Increased metal cross section and metal 
extensions to jacket or air blast spaces "would naturally assist. Still 
worse in many engines is the condition of the exhaust valve receiv- 
ing heat on both sides and with no source of dissipation except its 
stem and the stem bearing. These stems should have a large metal 
cross section, and the metal should be of as high conductivity as 
possible, while the joint from valve stem to disk should be of 
long curve and the disk of increasing thickness toward the center to 
furflier nromote conducting capacity* The stem bearing can hardly 
be too big or long nor too well cooled by sufficient metal and heat 
dissipating surface, but heat transfer from the stem to the guide 
bearing can hardly be expected without an adequate oil film, because 
a dry stem means a gas film of so much neater thermal resistance 
than oil as to render useless the large metal cross section and surface. 
To hold oil in such a stem bearing without an elementary stuffing 
box is^ of course, almost impossible, but though such a device is not 
used, it should be added to replace the present two diameter stems 
now in use for this purpose. It requires oriljr a casual survey of tiie 
illustrations of aero engines to see how dimrent is the means for 
head cooling and especially that of the exhaust valve, its seat, stem 
and port walls, andT how easily, therefore^ distortion of the metal 
parts may occur, due to unequal expansion, resulting possibly in 
breakages but certainly, when valves and seats are involved, in seri- 
ous leaks which^ once started, especially at exhaust valves, rapidly 
increase by the tdgh erosion iofluences. 

Probably the worst cooled part, aside from the exhaust valve, is 
the piston head, which receives heat over its whole top surface, equal 
to the area of the cylinder bore circle at least, and more if arched 
upward or dished down, as may properly be done, especially the former 
to give it some stiffness and elasticity in thermal expansion. This 
heat, while imparted in smaU part to the crank case air, must laigely 
and almost wholly be disposed of to the cylinder walls by a radially 
outward conduction across the head, followed by conduct down the 
piston barrel, thence across an oil film, to the cylinder walls. By 
mcreasing the metal thickness of the piston head regularly from 
the center^ outward in proportion to the square of the radius, its 
heat carrying capacity could be made proportional to the receiving 
surface above. Then by^ suitably thickening the upper barrel the 
axial heat carrying capacity can be made great enough to take what 
is delivered by the outer rmg of the head and conduct it down for 
the oil film to be taken up and transferred to cylinder waDs. This 
last transfer is most effective the longer the piston and the better 
the oil film, and as it is thus disposed of the thickness of barrel may 
be reduced. Such additional piston metal to secure an adequate 
heat carrying path will be least the greater its thermal conductivity, 
and there is no reason why suitable carrying capacities should not 
result without tmdue weight. Examination of the illustrations will 
indicate that apparently the idea of most of the desi^ers has been 
to use as thin, and uniformly thin, metal as possible with no thought 
of heat conductivity whatever, though a few give evidence of some 
erasp of the problem. An exception to the overheated piston is 
found in the irotating cylinder engiae that carries its inlet valve in 
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the piston, which in this case is adequately cooled, but at the ex- 
pense of volumetric eJEciency. There is no reason, should thick 
metal pistons prove objectionable, why air blasts should not be 
introduced directly under the pistons except the consequent evap- 
oration of lubricating oiL 

Piston heads that are very unequally heated or very highly heated 
are subject to a considerable expansion and to oxidation as weDL 
besides betog responsible for decreased volumetric eiEciency and 
preignition or lowered compression. Excessive and variable expan- 
sion of the head besides resulting in permanent deformation or cracks 
will cause the piston to bind on the cylinder unless cut away or given 
extra cylinder clearance. If sufficiently cut away to give relief, 
leakage is promoted, which defea'ts lubrication, and the oil film, 
which is an essential part of the thermal path from piston to cylinder, 
is destroyed and overheating accelerated. Some little clearance, and 
more at the top than along the barrel, is necessary, but the less the 
better, and the oetter the cooling of the piston head whether by con- 
duction across it and down the barrel or through separate conduction 
bars, directly from head center to barrel and to oil film, the less 
clearance wnl be necessary. A photograph is given in a German 
report of a piston that failed from overheating, and such failures 
seem to be frequent. There is also shown a burned spark plug, 
which should be cooled just as well as other parts to prevent exces- 
sive temperature rise, though its end must be warm to promote 
cleanliness, but not so warm as to make an incandescent spot, or to 
cause destruction. 

Cracked cyliaders are also more or less common from unequal 
cooling, and ia both the German and the British Alexander tests 
such cases are reported. In the latter the fact that the cylinder ran 
11 hours before failing proves the crack to be not due to anv gas- 
pressure stress. This unequal cooliag or heating may be due to 
uneven thidmesses of metal or to unequal heat abstraction, as 
would occur ia water Jackets with steam or air pockets, or to the 
impact of the air blast from the propeller on the front side of a for- 
ward cyliader. Rotating air-cooled cylinders, and, ia fact, even 
fixed au>blasted cylinders can not be equally cooled because it is 
quite impossible to force equally cool fresh air at equal velocity 
around the whole cylinder, no matter how many baffles or guides are 
used, and this inequality must promote distortion. One compen- 
sating element used, that of eccentric ribs giviog more surface for 
heat abstraction on the side of least air activity, is ingenious, prob- 
ably more so than effective. There seems to be no hope whatever 
of air cooling ever bein^ made as uniform as with water, and there- 
fore more (Sstortion effects are certain ia air-cooled engines even 
though, by the use of excessive quantities of air and fan or wiadage 
power, the walls could undoubtedly be kept as cool as with water, 
it could not be a tmiform cooling, and hence not as desirable. In the 
German, test report the wiadage of the Gnome rotating cylinder 
enmne is given as 8 per cent of me output, which checks exactly tiie 
value given by "Winkler for the Renault fixed-cylinder engine fan 
power. * 

Water gives control of temperature in degree as well as uniEorniity, 
for with sufficient radiator capacity the water temperature entering 
25802*'— S. Doc 268, 64r-l ^17 
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i'ackets can he kept only a few degrees above that of the free air. 
Jy sufficient circulating-pump capacity the delivery temperature 
from the engiae jackets can. be kept as near the inlet temperature as 
may be desured. On the other hand, should tiie engine be found to 
work better with wanner water, or if radiator size is to be minimized, 
and the advantage be regarded as greater than ^a warmer engine, 
this can be accomplished by reducing radiator size with correspond- 
iTTg rise of temperature of water inlet to engine without in any way 
affecting the uniformity of heat abstraction from the engine metal 
The limit of this occurs when the jacket water is allowed to boil, as 
in the Antoinette, in which case the xadiator becomes an air con- 
denser and very small because of Jiigh temperature difference between 
steam (212® F.) and the free air. Higher temperatures than this 
can be secured by the use of oH in jackets, as is done in some farm 
tractors to finrther reduce mdiator s;ze, and such oH has the advan- 
ta^ of not freezing. 

riston-cooliog effectiveness is more or less.measured by the limit- 
ing diameter that is operative, and the tendency to use multiple cyl- 
inders of small diameter, especially in the rotatmg air-cooled eiJgine, 
which go as high as 20 cylinders per engine, and to keep their cylinder 
diameters less than 5 inches, can be traced directly to this. Even 
with water-cooled engines a limit is reached, dependent entirely on 
tibifl piston-coolinff factor, and laiger cylinders thaii are now used 
reqmre better cooung of liie piston by tne methods indicated. 

Temperature expansion stresses added to those imposed by eas 
pressures and mass motion forces have never vet been successfmly 
attacked by the stress analyst,, but even if tfiiey could be treated 
mathematically it would help but little when the temperature in the 
various parts of the metal structure are unknown.^ No class of 
machine except Uie large internal-combustion engine suffers so 
severdy from these temperature conditions as aero engines, and in 
none is the consequence of failure likely to be so serious. This new 
and difficult prgbfem must be attacked patiently and systematically 
by experimental research if any but accidental or haphazard results 
are to be attained. Pending such needed fact data on temperatures 
and temperature gradiente and on the rfEects of mean temperature or 
temperature differences on volumetric efficiency, on limiting com- 
pressions, on metal expansion, on permanent distortion, or on corro- 
sion, the best that can be done is to use that method of attack that 
promises best results in uniformity of cooling and in low mean tem- 
perature. This undoubtedly involves the use of liquids as heat 
receivers from the metal walb, but just as surely demands proper 
arrangement of metal parts for promotion of heat transmission as 
uniformly as possible tfcough the several parts. 

Lubrication as a process is of considerably greater importance and 
significance in Hie aero engine than in any other, for while it has but 
little direct relation to the power weight ratio, it has an indirect one 
and, of course, bears directly on reliabili^, constituting probably the 
most important element of Qiis factor. The indirect relation of lubri- 
cation to the power weight ratio results from the use of im.usual 
metals at bearing surfaces, especially cylinder viersus piston, adopted 
for reduction of metal volume, ana bringing cast iron and bronze 
against steel, and even steel against steeL Lubrication is also as 
pointed out previously, a factor in cooling when the heat dissipation 



AEEONAUnOS. 259 

ptith includes an oil film surface, maintenance of which reduces heat 
resistance to a proper value, but loss of which results in overheating 
of the parts that are thus therraally isolated. Not only is th,e lubn- 
cation of the aero engine pecuhar in these two i^pects of unusually 
diflScult metals to be lubncated, and heat conductivity function in 
addition to that of lubrication, but in other respects as weU. Maxi- 
jnum compactness in the interests of low weight leads to the use of 
small bearings and as high bearing pressures as may be feasible for 
the very high speeds in use. In the case of rotating cylinder engines 
any change in angular velocity produces piston side tlmist loads, not 
found in any other machine and these may be extremely high, so 
Ingh as to even bend the cylinders as cantilever beams if the accelera- 
tion, positive or negative, is lai^e. All aero engia^ have closed 
crank cases and these must 'necessarily get very warm, largely from 
heat received from the xmderside of pistons, but also from the whole 
side .of the piston barrel and the exposed cylinder waJH. The cylinder 
waU is hot by reason of the heat bem^ conducted through, so that the 
viscosity of the oil on it is reduced ]ust about to theiimit. In the 
hottest region near piston heads, and even in some cases in other 
parts as well^ the cylinder oil suffers decomposition changes, due to 
the heat, as is proved by the progressive loss of lubricating value of 
oil in circulating return systems. Not only is the oU subjected to 
variable and hi^ temperatures, but it must be of such character as 
win not leave excessive carbon residues in the combustion chamber 
when it works past pistons, but must vaporize on the hot surface with 
least carbonization. Coupled with these high interior temperatures 
of the aero engine are possible excessively Tow temperatures of the 
surrounding air, freezing temperatures in nigh altitudes being rather 
the rule than the exception, and yet immediately before or after, the 
machine may be close to the eartn where the temperature in summer 
may exceed 100 degrees. 

It is clear that aero engine lubrication is not only more important 
as a process than in other classes of engine with reference to need and 
consequences, but is very much more difficult on account of the 
^cessive heating, even when the engine is built of the standard mate- 
rials of internal combustion engiue practice, i. e., cast-iron piston on 
cast-iron cylinders, but is doubly difficult when steeL is substituted to 
reduce metal volume, so it is natural to jBnd new elements of practice 
introduced. , 

^ Crank shaft and crank pia bearing of aero engines offer no more 
difficulty on aero engines than on otners, provided the bearing pres- 
sures imposed by the designer in an effort to cut down matenal are 
not excessive and provided the surrounding atmosphere is not hotter. 
The necessity for crank cases imposed by the presence of dust in 
the air at landing and starting points, does make the atmosphere 
surrounding these bearings abnormally hot, especially when the pis-' 
tons are inadequately cooled as is more often the case than not. Tim 
hot atmosphere created by hot pistons and conserved by the closed 
crank case naturally raises main and crank pin bearing temperatures 
to some value higher than the crank case air, fixed by the heat gen- 
erated in them by friction, and so reduces oil viscosity correspond- 
ingly. This would seem to be suffiicient reason for usinglower bearing 
pressures or larger surfaces than in auto engines, for example, and this 
condhsion is reenf orced by the fact that the beanng surface speed is so 
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yery high, and continuously so. Instead of larger main and crank pin 
bearings, the aero engines so far developed usually have equal or 
smaller ones than automohile or boat engines. No matter hovr 
elaborate the oil-feeding system nor hoTV carefuUy the grade of oil 
may be selected, this practice can not be accepted until it has been 
more fully demonstrated than has yet been done, that it is necessary. 

Piston and wrist pin lubrication present still greater difficulties, 
and no new methods of lubrication are available beyond the supply 
of excessive (juantities of oil to these surfaces. As already poinled 
out, aero-engine pistons are hotter than those of other engines because 
of the higher speed and consequent greater heat quanti^ per minute 
taken up by the pistons, and also because these are of thinner metal 
and so can not dispose of their heat so readily to the cylinder walls. 
This is further a^ravated bv the shortness of the pistons, which in 
some cases are hardly more than two-thirds of a diameter in length, 
though WinMer recommends 1.1 diameter, while stationary-enrine 
pistons are regarded as requiring a length of two diameters. Such 
short pistons reduce the heat mssipating cylinder contact surface, 
but also increase the side-thrust pressures. Hiey^ tend to cock side- 
wise, especially when made loose to relieve expansion, and so concen- 
trate side thrust at the ends instead of distributing it over the already 
too small surface. In the rotating cylinder engmes additional sidte 
thrust of almost any amount may result from variations of angtdar 
velocity if sudden. Under sruch high temperatures and high side 
pressures, perhaps badly distobuted, the viscosity and lubncating 
value of most ous falls very low and the decomposition conditions 
are approached with production of light constituents that evaporate 
and oi tar or carbon constituents that stick. Tet in spite of this the 
speed of the rubbing surfaces is so very high as to require lower sur- 
face pressures and temperatures rather than higher. Mean piston 
spee(fe are never under 1,000 feet per minute, a nigh limit for good 
stationary-engine practice, and even exceed 2,000 feet per minute. 

To still further aggravate this piston-lubrication condition, steel 
pistons have been introduced aeamst cast-iron cylinders, steel cyl- 
mders with, cast-iron pistons, and steel pistons against steel cylinders, 
again in the interest of reduction of metal volume, though nowhere 
in engineering practice has there been any success in lubricating such 
surfaces, especially when very hot. 

The fact remains, however, that these aero engines do run, but the 
absence of sufficient reliable data extending over years of experience, 
commensurate with that on which present standards of internal com- 
bustion engine practice rests, makes it a source of wonder whether 
the lubrication of aero engines at present is wrong and bad, or whether 
on the other hand they have taught old practice something new. 
About all that can be said at present, however, is that many aero- 
engine failures traced to lack of lubrication are recorded; that the 
oU comsumption of these engines is very high, in some cases reaching 
half the weight of fuel; and finally that the greatest caution should 
be observed m following present methods. At the same time, the 
construction of engines to operate cooler at lower bearing surface 
pressures and with parts of successively dififerent materials should 
be undertaken for test data. Each new combination should, be 
experimentally tested to destruction with decreasing quantities of 
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selected but different oils to definitely settle this question in the 
laboratorv. 

As to aetails of method of application of oil, there seems to have 
been developedsome more or less general practices. All rotating cylin- 
ders axe lubricated by crank-case spra;^, which in the case of those tak- 
ing the charge through the crank-case inyolves the carrying of appreci- 
able ijuantities of oil into the combustion chamber where it bums, at 
least in part* This is practically ecpivalent to the splash system for 
fixed cylinders, which lor auto engmes has proved only moderately 
successful and for aero engines is quite unsuited. All fixed-cyliader 
engines use forced lubrication for main and crank-piu beariiigs, 
through hollow or drilled shafts and cranks, the pressure beiog 
developed by pumps, many of which have failed even during com- 
petition tests. Normally these fixed-cylinder engines have crank- 
case oil tanks at the lowest poiuts, often, thouehnot always, carrying 
here all the oil supply for a full length run of 10 hours or more, as 
a means of preventing solidification of oil under low-air tempera- 
tures, and with all or most of the distribution pipes inside the crank 
case for the same reason, sometimes substitutmg cored or drilled 

{) ass ages in the casting for pipes. These pump-forced feeds are so 
ar all of the central system, one pressure supply, sometimes with a 
duplicate in reserve, being provided with multiple outlets, which has 
an element of danger, because tight bearings needing most oil receive 
least in proportion to the loose bearing which, oftermg less resistance 
to oil escape, tend to take it all. There are three tjrpical pump 
sjrstems: Krst, complete circulation of the whole supply to bearings 
with gravity return to sump and pump; second^ direct feed of fresn 
oil from pump with no return; and tlurd, combmations of this with 
two pumps, one for fresh and one for circulating oil, discharging into 
common bearing tubes or iato separate ones. Any circulatiag ofl 
system requires a cooler, and the exposed crank-case sump surface 
is sometimes relied on, sometimes supplemented by arr-cu-culation 
tubes or by carrying the oil supply to exterior cooling surfaces, and 
as a rule this oil cooling is made complementary to carburetor mix- 
ture or air wanning, by passing one iu thermal contact with the other. 
As a rule cylinders and wrist pins are lubricated by the oil escapioff 
from main and crank-pin bearings, but considerable modification of 
details is found, and reference is made to the papers and reports 
reproduced in the appendix. Among these that of Benderman, 
reporting on the second German competition, is so good that it is 
worth quoting. 

Lvlmcaiion, — ^The amount of lubricatiog oil required is affected by 
the system of lubrication and the circulation of the lubricant. The , 
lubricant of an aeroplane engine should not only reduce the friction 
between the parts wnich are m sliding contact, and not only remove 
the frictionalheat, which is considerable, due to high bearing pres- 
sure, but ia many cases it also has to cool the piston heads. The oil 
is largely lost without doing any work. It works past the piston 
into Sie combustion chamber and there folds spark plugs and valves. 
This, of course, can not be avoided altogether, but it may benunimized 
by guards at the cylinder ends and by positively feeding the oil to the 
wrist pins. Much oil escapes in Hie form of vapor and fog through 
the ventilfl>ting funnels (breathers) , which equalize pressure or vacuum 
in the crank case without allowiQg the oil to squirt out or dirt to 
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enter. If these breathers are made long and exposed to the air blast 
the oil vapor wdU condense in them and distant places, such as the 
cam shaft above the (flinders, may thereby be lubricated in place of 
the hand lubrication. 

The loss of oil by leaks in the casiiig depends on the nmnber and 
kind of the joints. Especially the mudes of the valve tappet rods 
throw out a great deal of oiL It mu, therefore, be well to keep their 
diameters at the place where they emeige, smalL la one motor the 
tappets are nearljr surrounded by the ventilating pipes (breatiiers), 
which direct the oil conamg back to the crank case. 

The lubricating qualities of the oil decrease with increasing tem- 
perature. Therefore rapid circulation of tiie oil in the bearings sub- 
jected to high pressures is required; also suflELcient cooling in a spa- 
cious oil pan, preferably with cooling tubes. At ^high temperatures 
as tables 5 shows, castor oil is considerably more viscous and effective 
than good mineral oiL It, therefore, so far can not be done without 
in air-cooled engines. For water-cooled engines one of the two min- 
eral oils mentioned was always satisfactory during the competition. 

The most simple system of oil distribution is the so-called splash 
system (very imperfect). The fresh oil supplied from outside or the 
storage oil collecting in the crank case is wmrled around by the rotat- 
ing and reciprocatirg parts and is thus intended to get to the proper 

1)laces. This means that coi^derable excess of oU is required: the 
osses are considerable. Engines lubricated in this way usually nave 
a smoky exhaust. 

More advantageously the oil is positively conducted by a distrib- 
uting line to the fixed bearings, and from there as far as possible 
without loss conducted to the coimecting rod ends and to tne rub- 
biag surface of the pistom This is best eflfected bv full oil throw 
rings on the crank and a pipe connection between the ends of each 
connectrog rod> In some cases the oU throw rings are only partially 
executed and are partially replaced by turned grooves in the side 
of the crank. These catch the oil, which, after leaving the bearings^ 
runs along the side of the crank. 

In other cases the oil conducted to the crank bearing is forced into 
the interior of the crank shaft and from there under the influence of 
centrifugal force runs to the connecting rod ends. On the way into 
the shaft it has to overcome centrifugal force. That requires very neat 
bearings and at times high oil pressures. Piston force pumps m this 
case are to be preferred to gear pumps* The positive supply to the 
wrist pins permits the most complete utilization of the oiL The 
lubricating oil consumption is reduced and a simply for several hours 
may be provided in the moderately enlargea crank case. If the 
craik case should be too small, a pump for &€sh oil has to replenish 
the supply from without. The fresh-oil pump may eithjar discharge 
into the circulation line or may feed a special distribution net, sep- 
arated from the closed-circuit hne. This, however, is hardly advan- 
tageous, since the required small make-up of fresh oil, should the 
closed circuit fail, does not suBGice to keep the engine running for 
'any length of tnne. Special attention must be given to the fact 
that the oil in cold weather becomes so thick in exposed pipes that 
a dangerous lack of oil wiD. be the result and the bearings will melt. 

The circulating oil becomes polluted by metal dust ^ad deposits 
of combustion. Small particles^ however, do not matter; larger 
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ones may be kept away from the pump by brass screens. In the 
engines tested these screens were not always well accessible. From 
the fine carbon particles which the circulating oil carries with it after 
a certain len^ of time, the bearing metal receives a grayish look, 

but its durability is thereby increased. .... i 

The oil pump is connected by a short suction line with a poiat of : 
the case located so low that in all iadined positions of the engiae it . 
is covered by oiL The lubricating oil, which is very thick at low ! 
temperatures, renders the design of the oil pump very important. ; 
All automatically operated parts, such as valves with springs, and \ 
such, easily fail, and therefore are to be avoided. ' j 

Part 2 (b).— GENERAL AERANGEMENT, FORM, PROPORTIONS, AND MATE- 
RIALS OP AERO PARTS— POWER-WEIGHT RATIO, RELIA- 

BnJTY, AND ADAPTABILITY. ; 

Ji in every cylinder the same mean effective pressure were obtaiaed, 
arid if aU cylinders weighed the same number of pounds per cubic foot 
of displacement ^er stroke, including their attached valves, rods, j 
pistons, wrist pins, and connecting rods, then the weight per horse- j 
power of engine at the same engine speed would depend on the frame ; 
and shaft weights per cyjind^r which, is a result of the general arrange- 
ment. If at the same time the thermal efl&ciency of all engines were, 
the same, the added weight of fuel and tanks per horsepower would 
be the same for all. Differences in weight per horsepower of engiae 
proper and of engine, oil, fuel, radiator, and tanks taken together 
are considerable, the neaviest .being more than twice the weight of 
the lightest even for short rmois, and the excess is more than this for 
the longer runs. The basic causes for such differences can be reached 
only by analysis along these lines, and such, analysis will indicate 
' that as many of the elements of actual difference are accidental or 
incidental as are essential or inherent in arrangement, form, pro- 
portions, or material. 

The influence of arrangement to be first examined is in some cases 
quite clear and in others complex. Where, for example, arrangement 
of cylinders in number and position has no effect on the bmitiDg. 
speed, on the mean effective pressure, on thermal eflS.ciency, or on the 
weight of cylinders complete per cubic foot of displacement per stroke, 
then the effects of arrangement are clear, qualitatively. The con- 
trary is the case when a given arrangement that gives reduced frame 
and shaft weight per cylinder as compared with another also requires 
heavier cylinders, or is limited to a lower speed, or is incapable of 
any but a low mean effective pressure, for here the result depends on ■ 
the degree to which one factor compensates another. 

Differences in arrangement are more bold and numerous in aero 
engines than in any omer class, and some of them are g^uite imique, 
yet with these truly remarkable differences that are quickly grasped 
by a reference to the illustrations in the appendix, the surprising 
thing is not that the weight per horsepower varies considerably with 
arrangement but that it does not vary even more. This is an indirect 
proof of the existence of these compensating factors, and shows that 
arrangement has not as great an effect on weight per horsepower as 
might at first be expected. Air cooling versus water cooKng i^ a fair 
illustration of this, for elimination of jacket, radiator, and pipe metal 
and of water reduces weight, of course, but the result is usually a 
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lower mean, effectivje pressure and thermal eflBciency. Again, the 
rotating cylinder air cooled as compared with the fixed cylinder, 
whilft e^jTTTiTna tbig fans and rib casings, adds a windage power require- 
ment, must have steel cylinders to avoid the imcertamty of casting 
sonndness in resisting "flie great centrifugal forces, and so must use 
excessive quantities of oil, which has to be carried. 

Ignoring for the present those compensating differences and con- 
centrating attention on the effects of arrangement alone, it is clear 
that two similar cylinders set side by side, each developii]^ the same 

gower and of equal thermal efficiency, wHl not recjuire shaft and 
•ame weights twice as great as one. Adding a third is eqidvalent to 
placing between the frame and shaft ends an intermediate piece 
without ends, and hence of less weight, but each cylinder added!, be- 
ginning with the fourth, adds exactly the same frame and shaft 
weight as tie third, and therefore has very little influence on weight 
pe3rnorsepower, unless other modifications are introduced, such as 
casting two cylinders en bloc, removing main bearings between alter- 
nate cranis, and thickening of frame and crank shaft to meet the 
stresses introduced by increased lengths. Therefore multiplication 
of shnilax cylinders along one line reduces weight per horsepower fast 
at first, and beginning with four rapidly less, and beyond a certain 
jiumber of cylinders the weight reduction is more or less equalized or 
overbalanced by the necessi^ for greater metal cross-sections per foot 
of length in shaft and frame. To illustrate the point, a given style 
of boat engine having the same cylinder on engines oi one, two, 
three, four, and six c;^inders in line i9 selected, as no other class oi 
engine covers such a wide range of numb er of identical cylinders . For 
one size of cylinder the single-cylinder engine weighs 472 pounds, and 
the two-cylinder engine 626 pounds, the second cylinder having added 
154 pouncis, or 33 per cent. Tte third three-cylinder engine weighs 716 

Sounds, so that the third cylinder has added 90 pounds, and each ad- 
itional cylinder also adds £he same 90 pounds up to six, the weight of 
which is therefore that of the two-cylinder engine. 626 pounds, as these 
are retained for ends, together with the weight oi four cylinders of 90 
pounds each between, or 360 -f- 626 =986 pounds. ^ The corresponding 
weights per horsepower have the following relation, taking that for 
one-cylinder engine as unity, the numbers represen ti ng 1, 2, '3, 4, 
and 6, respectively, are 1, 0.52, 0.40, 0.335, 0J274. The fact that 
each intermediate cylinder has added exactly the same weight in tins 
engine indicates that shaft and frame weights per foot nave also 
remained constant, but in some cases, and properly, these are made 
heavier in passing, for example, from lour to sis cylmders, so that the 
small reduction m weight per horsepower above 5 per cent of' the 
weight of the single-cylinder engine is lost entirely, and the six- 
cylinder would be no lighter than the four per horsepower. 

Further weight reduction by arrangement alone is available with 
multiphcation of similar cylmders, not in line axially in a plane 
passing through and including the shaft, but radially about the shaft 
m a^fene at right angles to it. Two cylinders with axes in line and 
with connecting rods working on one crank pin, constituting the two- 
cylinder opposed engine, or two cylinders with axes at right angles 
also working on one crank constituting the right-angled V engme, 
add no frame weight for the second cylinder over what the first 
requires. It really reduces it by the metal required to cover the bore 
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hole, except for some thickening at the joints. Nothing at all is 
added to the shaft weight except when the jcrank pia is made longer, 
as is rarely the case. This arrangement gives a greater gain in 
weijght per horsepower than two cylinders in me, but when the second 
cyhnder is added radially in another plane and has its own crank it 
shonld result ia a weight exactly the same as for two in line, because 
the difference is inertly one of rotating one cylinder with reference 
to the other, retaining the same metal fluroughout. 

These are the. two imidamental arrangements of multicylindering 
for the standard piston-connecting rod-crank engine, and so long as the 
cylinders remain fixed there is no reason why eadi cylinder ia any com- 
bmation should not wei^h the same and give the same mean effective 
pressure or thermal efficiency as any other. In this case the weight 
per Jiorsepower of engine and plant is less the more the cyhnders are 
multiplied and the more the multiphcation takes place radially aroxmd 
one crank rather than with separate cranks, up to the point where the 
shaft and frame thickening must be so great as to compensate for 
reductions, which begins to oe appreciable at four cranks and is very 
marked at six, except as other details may modify the result. 

Fixed-cylinder multiphcation radially about one crank presents 
no objectionable features until the cylinders become inclined differ- 
entiy to the normal horizontal plane, when there enter lubrication 
difficulties on CTlinder-piston surfaces, especially when cylinder 
heads axe lower ttian the crank shaft. The tendency for oil to work 
past the jpiston into the combustion chamber, fouling spark plugs 
or carbonizing the interior and requiring more oil to keep the surface 
properly wetted, is strong enough when the head is directly above the 
shaft, but is stroiiger when it is lower, and doubly so when the head is 
directly below. This has prevented the general adoption of any 
radial arrangement about one crank beyond the horizontal opposed 
and the 90*^ to 45^ V, set with equal angles to the horizontal. Any 
more than two radial cylinders compose unequal angles and involve 
different tendencieg to oil flow toward heads m eadi, so while multi- 

g'^cation in this direction promises greater weight reduction than in 
e with a crank to each <y^linder, the latter has been carried farther 
in point of general adoption. 

The four and six cynnders, each with its own crank, are standard, 
and doubling the rows of cylinder axes in line without changing the 
cranks gives the 8 and 12 wlinder opposed, the former used a httie, 
the latter not at alL It ateo gives, when axes are inclined, the 8- 
cylinder V, a much' used standard, and the 12-(grlinder V, but little 
used so far^ but possessing advantage that are promising. 

Kadial disposition of fixed cylinders which should give.the greatest 
possible weight reduction in frame and shaft has a few representations, 
notably the air-cooled Anzani, which uses three or five cylinders in 
one plane on one crank and then duphcates on successive cranks 
untdlthe 200-horsepower engine is reached, which has 20 cylinders in 
four planes of five stars each, and five cranks. It is the operation of 
this and similar engines and of the bold departure of the German 
Daimler inverted cylinders (Bendeman report), with heads directly 
under cranks, which makes it doubtful that the old conclusion that 
such arrangements must lead to fouling is really valid. This latter 
engine did not foul in the competition, and it will be worth watching 
in Bervlce to see if it continues to keep as clean as do cylinders with 
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heads above cranlss, and not to require excessive amounts of oil to 
make up for gravitational cylinder wall drainage. If ttds should 
work at all ri^t, this arrangement offers farther opportunities for 
weight reduction over the now standard multicrank form. ^ 

l^en here, however, there is a limit to the number of cylinders that 
can be radially placed about one crank, a limit imposed by their 
intersections, and while the rotating Gnome uses a maximum of nine 
and a mimTmim of five, the fixed Anzani uses three or five. The 
ATiy.am' figures for two sets of three are 50 horsepower and 200 pounds, 
or 4 pounds per horsepower, and for two sets of five 100 horsepower 
and 330 pounds, or 3.3 pounds per horsepower, the reduction of 0.7 
pounds per horsepower, or 17i per cent, being the eflEect of usiog five 
mstead of three per star, all cylinders being of same size. Similarly 
the effect of doubling the number of rows is shown by comparing the 
10-cylinder 100-horsepower with the 20-cylinder 200-horsepower, 
both having sets of five, the former two sets and the latter four sets. 
The former weighs 363 pounds, and the latter 682 pounds, the differ- 
ence of 310 pounds being the weight added to the first 10 cylinders, 
which themselves wei^ 363 poundB, and showing nearly proportionate 
addition of weight per crank added, the actual addition bong 88 per 
cent. The gain is of course greater m passing from a one crank star to 
a two thanfrom two to four cranks, as might be expected from the study 
of cylinders in line. Tim is shown by the figures for the 3-cylinder, 
30-horsepower, 121 pounds, compared to 6 cylinders (two sets oi 
3 50-55 norsepower, 200 pounds), the second row adding 79 pounds 
to the first 121 pounds, which is only 65 per cent, as compared with 88 
per cent when two rows are added to two to make four. 

Increase of cylinders radially about a crank always reduces weight, 
but -the weight reduction is most when the frame and shaft weight is 
lai^e in proportion to cylinder weight, and least otherwise. Ideally 
the weight reduction by multiplication of cylinders would be zero if 
the shaft and frame weighed nothing. This is dearly shown by the 
figures given by WinMer in Table vJl for the proportionate weight 
of the various parts of fixed auto type and rotating radial cylinder 
engines. To these figures are added some pound values for the parts 
computed from Wimder's fractional weights and assumed typical 
total weights. 

Table VII. 



^OTE.— The taHe Is based on Wintler'a figures for distribntfnn In different types ot engines. The 

flist three eneines are of tlio fixed cylinder in lino type; the last is an ordinary Gnome engine. Thetotal 
we^hts haveoeen asstnned.] 





100 horsepower 4- 
cy Under engina. 


65-CO horsepower 4- 
oylinder engine. 


160 honfopov/er 6- 
Cylinder engtao* 




Percent. 
23.76 
2a 00 
5.75 
6.60 
15.00 
3.25 
6.50 
3.26 
1.60 
.50 
7.50 
.60 
1.00 


Pounds. 
05.00 
lOLOO 
23:00 
28.00 
60.00 
13.00 
22.00 
13.00 
6.00 
2.00 
30.00 
2.00 
4.00 


Percent. 
19.00 

3a 00 

8.50 
5.00 
14.60 
2.00 
4.60 
2.00 
2.76 
1.60 
7.00 
1.25 
2.00 


Pounds. 
49.40 
78.00 
22.10 
13.00 
37.70 
6.20 
11.70 
6.20 
7.15 
3.00 
18.20 
3.25 
6.20 


Per cent. 
23.00 
28.60 
7.00 
9.00 
13.00 
2.00 
4.60 
3.60 
1.60 
.60 
6.60 


Pounds. 
126.60 
156.80 
38.60 
49.60 
71.60 
11.00 
24,75 
19.25 
8.25 
2.75 
36.75 










l.Op 


&60 




100.00 


400.00 


100.00 


280.00 


100.00 


660.00 
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Ctankcase 

Cylinders 

"FisUms 

Connecting rods.-.., 

Crank shaiL , 

Cam shaft and drive 
Cam-shaft ca 
Tappets and 



BotstingKrylinder 
' ic. 



Tcylin- 

dOES. 



Percent, 
20.00 
37.50 
7.00 
&00 
8.00 
2.00 
8.76 
4.00 



50 horse- 
power. 



Pounds, 
30.00 
4L25 
10.50 
9.00 
12.00 
3.00 
5.G25 
0.00 



Magneto 

O flrnj^ y"*K'h finf ifm - 

GarbOFetcr, fnoladhigtlirotde^ 

Frame 

Bert.. 

Total 



Kotating-oyiinder 
engine. 



7Qylln- 

ders. 



Percent, 
7.60 
3.60 
L26 
0.60 
LOO 



100.00 



60 horse- 
power. 



Pounds, 
1U25 
3.76 
1.875 
14.25 
1.60 



160.00 



These figures are most interesting, but must be used with consid- 
erable caution, as the Winkler fractions are general averages and 
when applied to a given engine may give pound values mat are 
somewhat in error. One instance of this appears in the value ob- 
tained for the magneto in pounds by applying the general average 
fraction to a given overall engine weight and much worls out in the 
table as 35 poimds for one and 18 for another. While of course there 
really may oe this difference, it is not fundamental nor is there anv 
acceptance of its accuracy. The really valuable parts of the tabfe 
are those items for the pnncipal parts, sudpas cylmders. crank case, 
pistons, and shafts. , 

Radial disposition of cylinders does not suffer from inequality of 
oil flow to combustion chambers only when (flinders and frames are 
rotated about the crank shaft, but here the tendency toward head- 
flow is increased by the centrifugal force on the oil, which is far 
greater than pure gravitation and which apparently is at least a con- 
tributing factor to very high oil consumption of these engines and 
their qmck carbonization. It may be that this is more an effect of 
the use of steel and of high w^l temperatures than of centrifugal 
flow, as such engiaes are always air cooled by reason of the difficmW 
of marking moving water joints and of controlling water flow wim 
the centrifugal forces acting ia jackets and pipes, but everything, 
points the other way. Inverted cyliadera havmg head flow tenden- 
cies between these rotating cylinder engines and the normal vertical 
must be accepted with great caution at present, though there is at 
present no data that warrant a conclusion. Complete radial star 
disposition of rotating cylinders gives the smallest possible frame 
ana crank weight per cylinder, but it i3 not possible to use some of 
the cylinder constructions ana materials that are perfectly feasible 
in fixed cylinders. Centrifugal forces put cylinders and connecting 
rods under a tension stress that is pretty large at the higb speeds 
used, and angular velocity changes impose cyhnder-bending stresses, 
due not only to their own overhang but also to the pistons, ana 
these stresses are additional to those imposed by explosion pressures. 
To reduce these special centrifugal stresses to a minimum, the 
weights of the parts must be the very least possible, and this is to 
be accomplished by the use of an assuredly sound and high-tension 
metal, such as one of the steels. These engines, tihen, have adopted 
steel as a cylinder material not so much from choice as of necessity, 
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and the fact that the surfaces could be lubricated at all has acted as 
an incentive to its substdtntion for the old standard cylinder material, 
cast iron, in the fixed cylinder engines, with corresponding weight 
reduction per cylinder in that class. The effect of this weight re- 
duction must not be exaggerated. Steel pistons, for instance, are 
only 12 to 15 per cent lighter than cast-iron ones, since bottom must 
not be too thm on account of the danger of burning through. Fiu> 
thennore, pistons weigh only about 7 per cent of the total engine 
weight. Greater effects are possible when steel cylinders and sheet 
iacKets are substituted for cast iron, yet even here the gain is rather 
less than might be expected, because of the heads, and the substitu- 
tion is warranted more on groimds of assumed soundness of foreed 
rolled or drawn steel compared with cast-iron, which may have hidden 
defects such as blow holes, cold shorts, or bad shriniage stresses. 

In this brief review of the effects of general arrangement of cylin- 
ders and cranks on the weight per horsepower, it was assumed that 
other factors remained fixed, such, for example, as the weight of 
cylinders per cubic foot of displacement per stroke. Variations in 
details of construction of the cylinder complete with valves and 
valve drives, pistons, and connecting rods, such as might affect this 
unit weight, Bre not only pretty numerous and cover a considerable 
range, but taken in conjunction with the corresponding variations of 
material, the resulting unit weights of the complete cylinders follow 
no simple law. A type construction of few parts that would tend to 
lightness may employ a heavier material that equalizes the weight. 
A somewhat more comi)hcated or essentially heavier construction 
will often be f oxmd associated with a lighter material, producing the 
same result and uiiit weight. The combination of lighter construc- 
tion and material together, cooperating to produce low unit weight, 
is tflso found, but unfortunately this is usually offset by lower mean 
effective pressure and eflBlciency or by a less favorable general 
arrangement. 

The obiect sought is the li^test combination of form and material 
for cylinders, pistons, and Sieir accessories consistent with proper 
values of the other factors that contribute in the same direction to 
a higher horsepower per pound of total weight. ■ 

It seems pretty dear that designers and mventors of aero engines 
have started wim some favorite general arrangements of cylinders, 
cranks, and frames and then have selected detail part forms and such 
material for cylinders and pistons as was either essential, as in the 
rotating cylinder engines, or as would bring iJie net result into suc- 
cessful competition with previous engines. To put it otherwise, 
there is no combination of the various factors that contribute to a 
low weight per horsepower ratio involving the most favorable value 
of each factor. This would require the largest number of cylinders 
that could be disposed radially about one crank, followed by further 
extension in line on other cranks, as to general cylinders-frame-crank 
arrangement. It would also require the use of the simplest piston, 
cylinder, valve, and connecting rod construction, all of steel, operat- 
ing at the highest speed, and processes, and producing the highest 
mean effective pressure and the lowest fuel and lubricating oil 
consumption. Such a combination has so far been ioipossible and is 
mentioned here to accentuate the position of the factor at present 
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tmder consideration, that of weight per cubic foot of displacement 
per stroke of cylinders, including aJl attached parts. 

Lightness of metal parts may be secured by the use of large volume 
of low density matenal of low stress resistance such as aluminum or 
by a small volume of metal having high stre& resistance but of 
greater density, such as steel, or some compromise, such as cast 
iron* If the material were required to perform the stress resistance 
function alone, the modem steels which can be counted on for 
upward of 175,000 pounds per square inch elastic limit and some 
15 per cent elongation with an ultimate tensile^ strength approach- 
ing 200,000 pounds per square inch, are so superior that notmng else 
could be coreidered. That other materials are used at all is due to 
the fact that the material of some parts must have other properties, 
each contributing to a different fuaction tiian that of stress reast- 
ance. Piston and cylinder material must have good conductivity, 
especially the former. Pistons and exhaust valves especially, but 
to some extent the whole combustion chamber, must resist oxidation 
under higji temperatures and water jackets must resist hot water 
corrosion. All heated parts^ should nave the lowest possible coeffi- 
cient of expansion to minimize the thermal stresses of unequal 
heating, and the expansion characteristics of cylinder material with 
reference to that of tiie piston should be such as to oppose seiriug 
on heating. The piston must heat more than the cylinder, so cylin- 
der matenal should have a higher thermal coefficient of expansion 
than piston material, though in small cyhnders with proper clear- 
ance the same material will serve but never should piston metal have 
a h^er coefficient than cylinder metal^ Permanent distortion of 
metSs imder the heating conditions of operation is not permissible 
in cylinders, heads, valve seats, valves, and pistons, so some commer- 
cial alloys, including some steels, are barred on this accoxmt. ^ Finally 
the metal of these two parts, cylinder and piston, should have such 
a molecular structure as will lubricate well, cast iron on cast iron is 
tiie best, cast iron on steel next best, and steel on steel the worst 
combination, neglecting the nonferrous alloys which may be service- 
able though they are as yet unknown^ quantities. Tins is not an 
absolute necessity except where excessive oil consumption is more 
important than metal weights. Engines intended for. short flights, 
an hour or so^ might very jproperly have piston-cyliuder materials 
that ignore this, compensation being secured by large oil consump- 
tion TOiich adds Httie weight. But long ffights will add enough oil 
weight to more than offset the wei^t reduction obtained by making 
both parts of steel, as compared with both cast iron, or one of each. 

About every combination of standard ferrous materials forged, 
cast, drawn, and rolled for the heated parts that could be produced 
has been tried, and is even now in use, so it can be definitelv stated 
that practice in ferrous materials is not vet established, whida means 
that there are insufficient djita at hand on the differences in tiieir 
behavior and practically none on the nonferroxis. Here is a field for 
investi^tion tiiat is of most fundamental importance practically 
untouched metallui^cally, and solution of which requires scientific 
research under the combmed efforts of'enginemen familiar with the 
requirements, of metallurgists famihar with alloy production and 
properties, and of shopmen familiar with the processes of forming 
ajid fitting. 
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No metal equal to cast iron on cast iron has ever been found for 
the pistons ana cylinders of intemal-conibustion engines in aU the 
desired properties except one, that of metal weights for a given size. 
Casting, as a process however, is most nncertain* the known defec- 
tives amonnt to almost 50 per cent while the unknown possibilities 
and hidden defects are responsible for lai^e factors of safety and the 
use of excess metal. This excess is quite prohibitive and fruitless 
in rotating cylinders with the enormous centrifugal stresses that 
come from speeds exceeding 1,200 revolutions per minute, because 
each pound excess metal adds its own equivalent centrifugal stress 
and so fails to add to the certainty of safety as in fixed cyhnders. 
Excess thickness adds to the resistance to heat escape throueh cylin- 
der walls. It was in these rotating cylinders that the first departiure 
from the older internal-combustion engine practice took place, from 
sheer stress resistance requirements regardless of other properties. 
The steel cyhnder machined from a foiged-steel billet was developed 
by the French rotating cylinder engine builders, and with cast-iron 
pistons it operates succe^fully. 

Some builders of fixed qjdinder engines encouraged by this demon- 
stration adopted steel for cylinders with cast-iron pistons. Even 
steel pistons, were tried and in some cases adopted for use in both 
steel and cast-iron cylinders, apparently without gain, in the former 
case because of increased lubrication requirement and in t^e latter 
from reversed expansion coefl&cients or permanent distortion. Some 
of these steel fixed cylinders are cast with heads in one piece and 
machined all over to disclose defects, but in other cases rolled or 
forged steel cylindera are combined with cast-iron heads in which 
ports are most readily formed. The most radical of aU these steps 
is undoubtedly that undertaken by the German Daimler Co. in con- 
structing cylinders, heads, ports, valve seats, and jackets, all of 
sheet steel welded 'together by tne modem oxygen flame method. 
Only experience can tell how successful this may prove in practice, 
though m the competition tests the engine gave a most remarkable 
performance. 

At the jjresent tune the only data b earing on the question are 
those of oil consumption, Table Viii, with respect to materials. 
This is not a .basic 'Shxre anyway, and is complicated by variations 
in oil and in oil appHcation methods, so it is inconclusive though 
interesting. 
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Table Vin. — Oil consumption versus engine type and qflinder piston Tnaterials, 



Qyllndersand 
oooliog. 



CIsss ooustniotitoUa 



Cylinder. Piston. 



Anthotity* 



Oil 
H. 



'4. oyllcdeis in line. 
6 cylinders in line. 



WateiHJooled 
fixed cylin- 
der. 



Air-cooled fixed 
cylinder. 

Afavcooled ro- 
tating oylin- 
der« 



Cast iron. 
...do 



Cast iron. 
..do 



frcylindep V.. 



laK^ylinderV.. 

Radial Star... 
/8-oylinder V... 
\3aadlalStar... 



riKadialStar.. 
l2EadlaIStar., 



Steel 

[Cast iron. 

[..do 

...do 



..do 



^Steel 

Cast iron. 



Steel. 
..do.. 



..do. 
..do. 
..do. 



..do 

Chiron. 
..do 



SteeL. 
...do.., 



Steel.. 
...do.. 



loo-horsepower 

Benz. 
lOO^orsepower 

Daimler. 
eO-horsepower 

Daimler. 
Anstro-Dalmler- . . 
140-liorsopower 

Sturtovant. 
ISO-horsepower 

Sunbeam. 
226-horsopower 

Snnbeam. 

Salmson 

Kenanit 

British Anzani ... . 

8-horsepowar Ger- 
man Gnome. 

160-hor8epower 
German Gnome. 



^endenfonn. • . 



Btodemann.., 



Maker.... •• 

do 



0.042 
.031 
.038 



.do. 



....do.*>.*«> 

Walker, 1913- 

do. 



HakeTj Av. of 
USker. 



.....do.*...*. 



Water-oooled 
fixed cylin- 
der. 

Air-cooled fixed 
cylinder. 

AiiMiooled ro- 
tating cylin- 
der. 



4 cylinders in line, 
aoylindeisinlina. 



Cast iron. 
...do 



Cast iron., 
...do 



8-cylinder V... 
Eadlalstar... 

[IKadialStar.. 

2 Eadlal Star.. 



..do., 



...do...... 

Steel 

...do. 



/-.do 

iSteel 

Oast iron.. 

...do.-.. 

..do,... 



Tl-horse power 

Daimler. 
1004iorsepower 



TTblseley.. 
AnzauL... 



Maker. 

TValker, 1912. 
Xromet. ...... 



lOOiorsepower 
German Gnome. 

200-horsepower 
German Gnome, 



Maker 

do 



Water-cooled 
fixed cylin- ; 
der. 

Air-cooled ro- 
tating cylin- 
der. 



'4 (flinders in line. 
6 cylinders in line. 

,S cylinder V 

IBadlalStar. 



Cast iron.. 
...do.... 



...do.. 
Steel. 



Oast iron*. 
..do.... 



..do.. 
Steel., 



lOO^iorsepower 

Daimler. 
lOO^orsepower 

HaU-Soott. 



1011-Onome. 



Cla*, 1912. 
Xiumet..... 



WateiK»oled 
- fiixed cylin- 
der. 

Air-cooled ro- 1 
tating (cylin- 
der. 



14 cylinders in line. . 
1 0 cylinders in line. 



1 Radial Star.. 



Cast iron. 
..do 



Cast iron., 
-do... 



Steel.. 



Steel. 



70-horsepower 

Daimler. 
SOiorsepower 

Schroeder. 

19UOnome 



Lnmet*. 



Watemnoled lU cylinders Inline., 
fixed cylin- V 

der. J 6 cylinders in line. 



Air-cooled ro- 1 
tating cylin- \l Badial Star*, 
der. U 



Cast iron. 
..do 



Cast iron. 
...do 



Steel. 



Steel. 



60-horsepower 

Daimler. 
125-hor8epower 

Hall-Sooft. 

1913 Gnome 



B 

Maker.. 



linmet., 



Water-oooled 
fixed cylin- 
der. 

Air^sooled ro- 
tating cylin- 
der. 



4 cylinders In line. 
6 cylinders in line. 

1 Radial Star 



Cast iron. 
..do 



Cost iron. 
...do 



Steel. 



Steel. 



iCWiorsepowor] 
87-hor8opower 
Ben*. J 

Gyio,19U 



B 

Maker.. 



Clark. 
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TABr.B YTTT. — OU eotistmptian versus engine type and cylinder jnston Tnaierials— 

CoDLtmued. 



Cyllndeisand 

cooing. 


CI3S3 oonstmctioit* 


Materials. 


Engine name. 


Aiithorlty. 


on 


CyUnder. 


Piston. 


Watewxwled 
fixed oylln- 
dar. 


1 ^ eirltnders in line 

1 » \>Jf III mini n Alk 1 iim m a 


Cast-iroiu. 
...do 


Cast iron.. 
...do 


10041 orsep over 

N,A.O. 
lOO-Iiorsepower 

C3ieD0. 


B • • 


ao38 

.005 










"Water •cooled 
fixed cylin- 
der. 








95-horsepower 




• 009 










TVa tor-cooled 
fixed cylin- 
der. 








96-lior3epower 
Axgus. 




.0S9 










Water-cooled 
fixed cylin- 
der. 


f&cylindarV 


Cost iron., 
—do 


Steel 


1911 Lalwr-Avia- 
tlon. 




.073 

.064 
.11 


imgrllndorV 


...do 















There appears to be some relation between oil consumption and 
cylinder arrangement; but not so with reference to piston versus cyl- 
inder materials. For example, radial cylinders seem to require much 
more oil than vertical cylinders, but there is no conclusive evidence 
that air-cooled cylinders require more^ than those tihat are water 
cooled. Again, comparing the three Daimler engiaes as to oil versus 
materials, it appears that there is no appreciable difference between 
cast iron and steel cylinders, cast iron and steel pistons, though such 
a serious conclusion should not finally rest upon a single instance 
like this. 

An effort to retain the low metal weight characteristics of steel 
and to meet lubrication requirements, that is worthy of note, ili- 
volves the use of liners for cylinders and of sleeves,^ or even a separate 
barrel for pistons^ made of a material such as cast iron or bronze hav- 
ing a good lubncating surface. This is not only objectionable as 
complicating the thermal and total stresses, increasing thermal re- 
sistance of cylinders, and adding something to weight removed but 
it now seems to be unaecessary. ^ 

At pr^ent the standard material for fixed cyliaders is xmquestion- 
ably cast iron with heads in one piece, and with cast-iron pistons. 
There is, however, a growing tendency to use tube steel for cyliaders. 
This steel cyliader involves a head compHcation in shop practice, 
solution of which is now in course of developmeiit. Heads must have 
irregular forms due to ports and valve stem guides, which are^ most 
easily and satisfactorily cast. Such a cast head requires a joint to 
connect it to a drawn-steel cylinder. As alternatives the following 
are used, cast-steel (rylinders with heads iu one piece and cylinder 
and head machiaed fifom a forged billet or finally the complete sheet 
metal welded Daimler construction. 

Steel is the adopted standard material for connecting rods and 
crank shafts and always is a very high tension alloy su(3i as nickel 
or chrome nickel, which permits these parts to be very small and 
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light while amply strong and stiff. Crank case or frame material is 
still tmsettled, ranging from the foiled steel cage of the rotating 
cvliiider engine through cast steely cast iron, and aluminum, with 
the last prevailing in fixed cylinder engines. No successfid attempt 
is yet on record, to use welded or riveted sheets and standard struc- 
tural steel shapes in. the long frames and crank cases of fixed cylin- 
der multicrank engines, where frame weight per cylinder is a matter 
of considerable importance. It would seem as if stiffness or its, 
equivalent uniformity of distortion can better be served with less 
weight by such structural steel construction than bjr the soft alumi- 
num castiag. To give a general survey of the practice in materials, 
Table IX is added. 

25302'*— S. Doc 268, 64-1 ^18 
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Table IX-.—MatmaU 



ssnic* 



xotattogparL 



CodUng tpM^tp^ 
andsystttta* 



Horse- 

JKJWET. 



Beoz. 

Han-Scott. 



Vertical fixed sepatate. 
•...do 



Water, C. P., 
....do 



Frad8riQkscn,3Kjycle 



Sturlttviuit.. 



QyliiideiSy rotating shafts statiuiuuy, 
V-type, Lhead> cast inpaita.... 



Air 

Wafer; C. P.. 



Snnbeaxn.. 



V-t:n>o* Lhead, en bloo. 



.do. 



Austro-Da fi pler. 



Vertical fixed sepaxate- 



.do. 



LeKtioue.. 



Rotating oylindets^ Bbaft stationaiy, 
^Pjbced star.... ............. 



Air. 



.do. 



Haasenzerger. . 



Argyll.. 



Sturtevantx 



Cbemi. 



oyUndors, waives 



Vertical fixed, sleeve tbItbs, sepa- 

lateoylindeis. 
Vertical itod, separate cylinders, 

heads screwed in. 



Vertical fixed cylinders en Woe, T 

head, 4 valves per cylinder, 
V-type, separate oyltndffra, L head, 
4 valves per cylinder. 

rertical fixed cylinders in pairs, 
Thead. 



"Water. 



— do , 

Water, a P.. 



Water., 
.do.- 



derget.. 



r 



Do 

BoDlonBoatan... 



or vertical fixed separate oyiin- 
ders, valves in head. 

Lotarr ovlinders, valves in head, 
meobaidcally operated, 
^-type, separate o^inden,!. liead.. 



-do. 



Air. 



.do. 



Edehroiss.. 



^Eadlal star, fixed pistons, leoipro- 
eating cylinders. 



...do...... 



Laviator 

Panhard-IievBSSor. . 
SalmscQ... ........ 



^-type, separate Grinders, valves in 
head. 



Water,, 



V-type, cylinders en bloc, L head. 
Pixed star, valves in head. 



.do. 



.do. 



103 
150 
126 



140 



160 
226 



90 
120 



80 
160 



..do. 



Wdseley., 
Qteen..... 



'-type separate cylindera, valves in 



Vertical fixed, separate cylinders, 
valves in head. 



1 ter. 
Water. 



ibinatian vmr 



25-200 



150 



120 



100 
200 



66 
90 
100 
850 
50 
100 
SOO 
50 
80 
80 

75 
125 



SO 
120 

100 
GO 
136 

200 
300 



83 
130 



100 



KOX&— I^fntagial head; a P^oeotdfiigal pnn^ 



1 
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/or engine parts. 



Materials for— 



Cyilnder, 



CylindGT 
heads. 



Cylinder 
jackets. 



Head 
Jackets. 



Pistons. 



Valves. 



Oonncct- 
iogiods. 



shafts* 



Framea or 
oiBiikcaso* 



irpi)er. X>ower. 



|ca5l 



r Sheet 



Sheet 
steel, 
Treldca, 
I 



.do 

•do 



«do.. 



..do...... 

fSte6l\7ith 

I Uner. 
Cast iron.. 



..do... 



Forged 
steel. 
Cast iron. 



I 

Cast iron., 



Castinm. 



...do 

SwrdgteeL 



Ttmg- 
stonsteeL 



Ca«t 
iron, 
rotaiy 
rocMng, 

Trmg. 

sten 



Steel., 



f Copper 
{eleofeol 
I dep. 



Copper 
eleomd 
dep. 



I-B©ctlon 


diromo 


dironiQ 


vana- 


nickel 


flfpTn 


steeL 


SteeL 


1 Nickel 


Nickel 


1 steeL 


SteeL 


H-seo- 


Gbromd 


tion 


nickel 


chrome 


5teeL 


nickel 




steel. 




" H-seo- 




tlon 




high 


' tensilo 


tensile 


steel. 


. SteeL 





Alnm- 
imun 
alloy 



Alum- 
alloy. 



rCostlron^th 
I nloketsteol 
I rings pbn tp T^ 
I over. 

alloy. 



Pressed 
steeL 



..do. 
..do. 



Cost iron.. 
I 



Spxm copper press- 
ed on and loclced 
by steel rings. 

Sbeetsteel^vrelded. 

L I 



Steel 

Cast iron. 

...do 



Nickel 
steel. 



I-section 
nickel 
SteeL 
B^sec- 

niokel 
SteeL 



Nickel 
chrome 
steel. 

Chrome 
vana- 
dinm 

steeL 



Monel 
metalf 
welded. 



.do. 



Cast iron. 



SemisteeL 



ValvB 
heads, 
cast iron. 



H-seo- 
tlon 
chrome 
nickel 
SteeL 



Qirome 
nickel 
SteeL 



Monel 
metaL 
welded. 



Tung, 
sten 
steel. 



iHseotlon. 



^ted 

Forged 
SteeL 
Steel 



High 

steeL 

}fiteel 

Cast iron. 

Forged 
\ SteeL 



/Copper eleotrol de- 
\ posited. 



Air cooled. 

V 



^..do . .... 
Cast steel. 



T.. 



I 

^Spnn 



Copper- 



Spun 
copper. 



Steel 

Cast iron. 



Concen- 
tric 
valves, 
nickel 
SteeL 



Steel 
exhaost- 
valve 
boxes. 



jcastlron. 

Forged 
steel and 
phosphor- 
bronze 
bearing 



Cast 



Nickel 
chroma 
steeL 



E-seo- 
tlon. 



Tabular 



Nickel 
chrome 
.SteeL 



Chrome 
vana- 

steel. 



Do. 
Bo. 

Do. 

Do. 
Do. 



Ste^ 

loy. 

rSpedal ahnni- 
\. nmnftame. 



toy. 



Do. 



Do. 



J 
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.Form of cylinder proper including head is a direct contribnting 
factor in the cylinder weight per horsepower, as is also to some 
extent the proportions. For a given bore and stroke; and made of 
the same material, all cylinders woald weigh th^ same if they were 
similar in form, and as they are not similar the differences in form 
must account in some measure for total weight differences. That 
form that gp^es the least metal volumes evidently^ should be lightest. 
On this basis air-cooled cylinders with their radiating heat dissipating 
ribs, casings and baffles are heavier than water-cooled blinders of 
the same oore, stroke, material, and similar valves, 'flhis excess 
weight of the air over the water-cooled cylinder added to its fan 
weight, when subtracted from the weight' of radiator, pipes, pumps, 
and water, measures the excess weight of the water-cooled cylinder 
with its accessori^. "With radiators specially designed for lightness 
and for a minimnm simply of water rapidly circulating, there is no 
essential reason why the air-cooled cyhnder engiae complete should 
weigh materially less than the water cooled. As a matter of fact, 
the actual difference itself is small, even when all contributing factors 
la each case are not equally well selected, as appears from me com- 
parison of the weights of some well-known eignt-cylinder V engines 
given in Table X- 



TabiiS X. — Ccmparaiive v^eigTUa per eubicfoot cKsplacemeTtt of air caid vmter cooled 

8<ylvndeT V engines. 



or TTiftVpra* 
name. 



p5 



CO 



p 



It 



Bemarks. 



CurLiss 

Slurtovaiit. 

Baosen 
GLerget. 

Laviator 

IPaobard-Levassor. 

Wolseley 

na nion-BoQtoiu . 

Benaolt. 

Wolsdey- 



76 
100 
160 
140 
IfiO 
225 
150 
200 

SO 
120 
100 
130 



1,100 

1,260 
1,100 
2,000 

V2,000 

1,200 
1,300 
1,200 
1,200 
1,600 
1,200 
1 800 



1,800 
1,660 



4.00 

4,25 
6.O0 
4,00 

3,64 

4.125 

6,512 

3.937 

4.4S8 

4,331 

6.0 

4.173 



3.780 
3,760 



6.00 
5.00 
7.00 
6.6 

6.91 

6.0 

6,299 

5. US 

0.299 

6.512 

7.0 

4.724 



4.724 
6.600 



a 2912 
.3260 
.6370 
.321 
r.271 
L.407 
.657 
.695 
.289 
.466 
.372 
.637 
.303 



.233 
.281 



300 
340 
700 
660 
610 
906 
6S0 
640 
276 
41S 
440 
700 
465 



396 



1,030 
1,034 
1,100 
1,716 
3,245 
2,246 
1,060 
921 
952 
900 
1,183 
1,100 
1,535 



1,700 
1,870 



Water cooled. Water- 
cooled engines c^ve 
weights 'notbont radi- 
ator water. 



Air cooled. Weight rfven 
tnolndes 2 exhaust con* 
Hectors; also fan. 
Do. 

Cylinder barrels. Air 
cooled. B X li a n s t 
valves. Water cooled. 



I Without flywiieeL 

170TB.— Snglne wel^ts taten from Table I, where sonroes of inlbrmatlon are gfven. 

There is a somewbat snrprising range of weights here and one 
that bears dose study as directly rdated to design, form, and material 
qnite independent of speeds and mean ej0Eective pressures. The 
lowest value is 900 and the highest 2,245 pounds per cubic foot of 
suction stroke. There seems to be no doubt of the superiority of 
head-valve construction over side^pocket valves in weight reduction, 
and there is no marked difference between an air and a water cooled 
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construction. This last concl"Usion is most important in view of the 
consistent inferiority of air cooling with reference to meaa eJffective 
pressure and fuel consumption. Next to general arrangement, 
weights per cubic-foot displacement are fundamentally related to 
materials and wall thickness. 

Cylinder metal volumes are least in any cylinder, other things 
being equal, when the valves are placed in the liead instead of m 
side pockets, so in the interest of cylinder lightness this arrangement 
must be adopted unless it appears that the compensating factors, 
which win be referred to later, overbalance the extra pocket metal, 
but this is not the case. There are, however, several successful aero 
engiaes that follow the standard automobile practice of locating 
valves in side pockets mostly of the L-head form. One arrangement 
has the valves side by side, botb stems pointing toward the crank 
case, botib. seating down in a wide pocket. The other locates the 
two valves axialhr in line, one stem pointing -tip, while the other 
points down, and seating on opposite sides of a narrow pocket. 

The compensating weight elements referred to in connection witb 
the head valve as compared with the side-pocket valve arrangement 
are those of valve gear. Two side by side valves in one wide pocket 
are ordinarily driven by a pair of piish rods. Placing one valve 
above the other in a narrow pocket reduces the width and hence the 
metal of the pocket, but adds a rocker arm with bracket and pin 
and some additional rod length. Placiog both valves in the head 
removes the pocket metal entirely, but adds a second rocker and 
push-rod ext^ision ordinarily. It is the weight of these two rockers 
and push-rods extension that is to be balanced against the metal of 
ttie pocket. Such side pockets with ports, being irregular in shape 
and necessarily Jacketed, can be formed, as in the case with cylinder 
heads that carry valves, only by casting (except when welded of 
sheet metal as m the Daimler experiment). The added cast iron 
due to pockets in combustion chamber and jacket wall will weigh 
more than the steel rocker arm and the pusn-rod extension. The 
weight diflEerence in favor of the head-valve ajrangement is greater 
stilTwhen a single rod alternately works in tension and compression 
on one rocker actuating both vlaves, as in the Anstro Daimler, but 
in. this case two diflferent cams should be used, one to lift and the 
other to depress. Further reduction is possible in standard four 
and sis: cylmder engines by^ placing the cam shaft^ directly on the 
heads as m the German Daimler, for here the combined weight of 
all push rods is removed and the weight of a pair of gears and a 
vertical shaft introduced instead. This is no advantage, however, 
in V engines, because with the push-rod drive one cam shaft can 
serve both rods, and this is one of the advantages of V arrangement. 
Removal of one push rod and cam entirely becomes possible when 
the inlet valve is made automatic as it is in several engines, but the 
loss of volumetric eflBlciency resulting cuts more from the power than 
removal of push rod even with rocker does from the weight. For 
this reason automatic valves are not to be recommended, though 
there is another reason also strong enough alone, that of unrestrained 
seat impact. 

Water-jacket metal in all cast cylinders will normally weigh more 
than the metal of the cylinder proper inclosed by it, in spite of the 
fact that it might be made thinner, due to lack of pressure loading in 
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one case and in the very high internal pressures in the other. The 
area of the jacket metal is considerably greater than that of the 
cylruder, especially when the water space is large, and the foundry, 
can not make a sound jacket casting as thin as lack of stress would 
warrant. Accordingly, while the cast jacket is retamed in many 
aero engines ia accoraance with automobile practice, this can hardly 
be accepted as the best aero engine practice, which seeks weight 
reduction by legitioiate removaL Sheet metal of copper, brass, 
aluminum, or steel in sheets, ia drawn tubes, spun and die pressed 
shapes is so peculiarly adapted to the purpose that its lack of im- 
mediate general adoption requires explanation. This is to be found 
first in the jorut diflaculty originally encountered in automobile 
practice^ where such a mechanical discouragement was suf&cient to 
cause rejection in Tiew of the slight imj)ortance of the weight relation 
to automobiles, especially as the cast jacket is cheaper. Witiix aero 
engiaes the case is different because the need of saving every ounce 
is vastly greater, and the cast jacket is a laager fraction of the total 
weight when all the other economics haveTbeen practiced, so the 
per cent gain by sheet metal substitution is great enough to wairant 
efforts to find suitable joints. This has been accomplidied in a 
variety of ways, one of them being especially noteworthy, viz, elec- 
trolytic deposition of the whole jacket metal or electrolytic deposition 
of the joint. Added to this is the now generally available method 
of the ox7^en flame weld, beside the usual screw-cover and press- 
fit joint which has always been available. Experience with these 
sheet-metal jackets has mdicated the necessity for expansion pro- 
visions to avoid overstressing of the joint when the cylinder ex- 
pands, exactly as in big gas engines. This conclusion is itseK a 
measure of the distortional stresses set up in one-piece castings and 
an additional reason for their abandonment. To these advantages 
of weight reduction and rehef of cylinder metal from jacket stress, 
the sheet metal jacket gives additional assurance of safety when 
jacket water freezes, and especially with cast heads or cylinders 
permits complete assurance of the external soundness of the cast 
metal that is to resist explosion pressures and of the reality of water 
aces, which when cored may be fiUed with metal in corners where 
e designer intended water to be, so adding to expansion stresses 
and preignition tendencies that result from me consequential over- 
heating. 

At least three openings to the combustion chamber through the 
jacket space are necessary for insertion of inlet valves, extaust valve, 
and igmter. The outer ends of these passages must be joined at the 
jacket wall by the jacket itself and Sie use of sheet-metal jackets 
calls for joints at these points. These offer no difficulty if welded 
autogenously or accomplished by electrolytic deposition, though 
considerable pressure joints are apt to be troublesome. Expansion 
is provided in three separate ways, (a) tiie shp joint, packed by a 
rubber ring as in Green (British), (5) corrugated bellows, (c) the 
elongation of a thin jacket of suitable metal provided the joint is 
welded as in the Benz (German) which seems quite satisfactory. 

Jacket water spaces are usually made narrower on aero engines 
than others but the width may properly be even further remiced 
to hardly more than a water film as the corresponding high water 
velocity is beneficial to heat abstraction around the banrel. On llie 
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heads greater "width is usually necessary to avoid the^ formation of 
pockets where air or steam may collect next to the irrejgular port 
walls, and the outlet for water must be at the highest point to pro- 
mote expulsion of any bubbles. Jacket lengths on the cylinder 
barrel are usually short, normally extending httle if any below the 
lowest position of the piston heai This is not as satifflactory as a 
longer jacket even if tine space be narrow, especially as the cyunder 
wafls are so thin as to have a minimum of heat-conducting capacity 
longitudinally. The piston barrel will give heat to every part of the 
cyhnder wall with which it comes in contact and if at some low part 
there is no water, tiien the heat must be dissipated to the air directly 
or conducted up to where the jacket starts. 

Provisions for valve insertion and removal, to facilitate inspection 
and regrinding, are used in the very best large internal-combustion^ 
engine practice but would add weight to the aero engine if adopted.* 
Inlet valves are earned in ca^es, which, with their fastening and the 
necessary additional guide wSls^ add several times the weignt of the 
valve. Through the opening of the removed inlet cage the exhaust 
valve, which rnust seat on water-cooled metal, becomes accessible. 
This accessibility of valves is the primary recommendation for the 
side pocket, which permits of the use of the above construction when 
both stems are opposed in line as in the Mulag. In the parallel con- 
struction it is accomplished by two covers, one over each valve, 
as in Sturtevant. ' It is also attained in the head valve arrangement 
without cages by the separate or removable head which m aero 
engines is objectionable for many reasons. This problem has been 
boldly met by the designers of many of the best aero eaagines by simply 
providing a joint between cylinder and frame tihat is easy to loosen 
and by using valve gear and pipe connections that are quickly 
detachable, so the entire cylinder, wtdch even in the largest sizes is not 
heavy, can be bodily removed by hand with ease and the valves 
reached through the bore. In this way the number of parts is kegt 
to a minimum and a material contribution to low cylinder weight is 
secured. 

Low valve weight would demand the thinnest disk and stem and 
the shortest possible stem, but process considerations are in opposi- 
tion to this conclusion, especially in exhaust valves where heat dissi- 
pation is opposed thereby. Practice oscillates between these two 
extremes, but the heavy construction of esliaust valves must be 
favored while the light is permissible on self-cooling inlets, unless it be 
regarded, as in maxide and automobile practice, imwise to uj^e two 
different valves in the interest of reduction of spares. It is otherwise 
perfectly feasible to make inlet valve disks thin with short stems of 
small diameter, and exhaust valves thick with large diameter stems, 
perhaps taper bored from the end toward the disk, and long enot^n 
m the euiaes to dispose of the heat. If a metal of high conductivity 
could be found otherwise suitable, then exhaust-valve thickness 
might be reduced. Keeping the weights now used for both valves, 
the exce^ desired in exhaust valves can be secured by reducing the 
inlets, though many good engines are amply wall cared for in this 
respect. Valve material is mvariably steel, forged to meet the 
requirements of inertia and impact shock at high speeds and of 
corrosion, especially in exhaust valves, and alloy steels seem better 
adapted than carbon steels for this purpose. Shock troubles of 
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broken stems, battered push, rods, and worn seats Tv^ould all disappear 
if some form of good rotary valre coidd be evolved, and this is a most 
attractive possibilitjr witih as yet no realization in sigbt, though, liie 
case is by no means hopeless., 

A general comparison of water cooled cylinder weights "with 
various constructions of jacketB, valve location, and drives, per 
cubic foot of displacement per stroke, is given in Table 11 to show 
liTTii fci'Tig effects of various structural detaib, but unfortunately in an 
inconclusive way for (ylmders alone^ as shafts and frames are included. 



Tablb si. — WeigJita of engines p^r cubic foot displacement {ptr sirole) versus type consinicHon of parts. 



Oyllndeis and oooUng. 



WatoTHMwled fixed oylindoiB.. 

AlroOolod: 

Sixed oyUndors 



Botattng oyliodors... 



Glass oonstraotlom 



^4 oj^lndets la line. • 
6 oyllndeis in Uno... 

8 oyllndeis, V 

12o^lndera,V 

Badlalstar. 



DoyllndeiSi V,. 
laoyUnders, V. 

Badial star 



Horizontal opposed cyllndor 
1 radial star 

.2 radial star 



Cylinder 
material. 



Cast iron.. 

....do.... 

,Stool 

Cast iron.. 

Steel 

'Cast Iron.. 

Steol 

^Oast Iron. . 
\Steel 



/Head... 

jHcad... 
\Pocket. 
Head... 

/...do 

\Ppoket.... 

Head... 

Pocket,... 

Head... 

Poclcot.... 

Head... 



..do.. 



Cost Iron. 
....do... 



Stool... 
....do. 



Valve 
location. 



Suction 
valve, 
A. or it 



/....do.... 
\Pookot... 
..do... 



Head...... 

Pocket. « 
Head 

do..... 



Name. 



Bena 

Stiirtovtmt., 

DalmlOT 

Mnlag 

Daimler 

Ourtlss 

Sturtovant.. 
lid viator.... 
Sonbeam.... 



La viator., 
Salmson.. 



Wolseloy 

Bo Dlen Bouton. . 
Kenanlt. 



Amain. - 



Ashnxusen 

B.M.&F. W.... 

aermanOnome., 



Bore. 



S.180 

4.6 

4.734 

4.331 

4.134 

4.00 

4.00 

3.037 

3.M 



3.937 
4.724 

3,760 

4.173 

3.780 

3.64 

3.5i 

4.13 

3.76 

4.331 

4.33 

4.73 



Strolce. 



7.0S7 

6.0 

6.612 

6.003 

6.612 

6.0 

6.60 

6.118 

6.91 



6.118 
6.612 

6.600 

4.724 

6.613 

4.73 

6.12 

4.02 

4.6 

4.724 

4.72 

4.72 



Bevolu- 
tlonsper 
minute. 



l,s 
2,000 
1,316 
1 346 
1,387 
1 100 
2,000 
1,200 
2,000 



1,300 
1,360 

1,660 
1,800 
1,800 

1,260 

1,800 
1,031 
1.200 
1,200 



Water-cooled fixed oyllnders: 



4 oyllnders in line. 
6 oyllnders in line. 



8 oyllnders, v.. 
13 cylinders, V.. 



Cast iron. 

[....do... 

[steel 

I Cast iron. 
Isteel. 



/Heed... 
\Pocket. 
/Head.... 
\Pookot.... 
Head... 

/....do 

\Ppckot.... 
Head... 
Pocket. 



Cast iron, 
1 With flywheel removed. 
NoxB.— Snglne weights token from Table I where source of information is given. 



Daimler 

Ohenu, 

Argus 

Ohenu- 

Green 

Curtiss 

Sunbeam. 

Lavlator 

Baosonberger. 



4.724 

4.331 

4.021 

4.331 

6.612 

4.26 

3.64 

4.888 

4.126 



6.613 

6.U8 

6.118 

6.118 

6.931 

6.00 

6.91 

6.290 

6.00 



1,413 
1,800 
1,370 
1,600 
1,250 
1,250 
3,000 
1,200 
1,200 



TabiiB XI. — Weights of engines per cvibiefooi displacement (per sirohe) versus type construction Q/'2)arto— Oontinued. 



to 

00 

to 



Oyllndera and cooling. 



Class oonstruoUon« 



Cylinder 
matorlaL 



Valve 
location. 



Suotlon 
valve, 
A. or 11 



Kamo* 



Boro, 



Stroke* 



Revolu- 
tions per 
mlnuU. 



Wolditper 
onbio loot 



Air cooled: 

Fixed oyllnden. 

Rotating oylinders 

I ■ . 

'Wator-coolod fixed oylindera. . . . 

Air cooled: 

Fixed oylindtfs 

Rotating cylinders. 

Watei^cooled fixed oylinders 

Air cooled: 

Fixed oylindots. 

Rotating oylinders 

Wate^oooled fixed oyllnden 

Air-cooled rotating oylinders, 



JS oylinders, V. 
iRadlalstar.... 



|1 radial star, 
[antdiolstor. 



Steel 

Cost iron. 

Steel 

.....do.. 



Pocket. , 

Head.... 

....do.., 
.....do.., 



M 

A 

A 

A 

M 

M 

M 

M 

M 

M 

M 

M 

A 

M 

M 

M 

2-^6le 

A 

M 

M 

A 



Henanlt 

Anialn 

Gyro 

German Gnome... 

Daimler 

Clienu. 

Sohroler 

Chonu. 

Curtiss 

Panhard XiOvosson 
Wolsoley 

Edelweiss 

Gnome 

Lo Rhone 

Daimler 

HaU-Scott 

Lavlator 

Gnome 

Daimler 

Anstro Daimler... 

German Gnome... 



3.780 

i.13 

4.53 

4.13 

4.30g 

4.88 

4.88 



4.724 

fi.71 

6.10 

5.52 

4.748 

6.61 

6.91 



1,800 

1;250 



} 1;200 



1,700 
826 
811 
801 



611 
461 



4 cylinders in line. 
6 oyUoders In line. 

.8 oylinders, V 



Cast Iron. 
.....do... 

1....do ... 
Steel 



/Head..., 
'iPooket., 
Head..., 
Pocket., 
jHead,.., 
\Pocket. 
aoad.... 



Radial star.. 

riiodlalstar. 
\^ radial star. 



Cast iron, 

Steel 

....do. 



..do., 

do., 

..do.. 



6.6U 
4.331 
4.882 
6.006 
6.00 
4.331 
6.0 

4.628 
4.623 
4.33 
4.13 



6.000 
6.118 
6.200 
7,874 
7.00 
6.612 
7.0 

4.734 
4.724 
4.724 
6.61 



1,373 
2,300 
1,262 
1,600 
1,100 
1 500 
1,200 

1,350 
1,350 
1,104 
1,150 



1,310 
1,491 
1,010 
1,270 
1,100 
1 183 
1,100 

1,052 
'863 
609 
646 



f4 oylinders in line. 
^0 oylinders in lino. 

Radial star. 

Irodialstar....:.. 



Cast iron. 
do... 



....do., 

Steol... 



Hood... 
do.. 



....do.. 

...-do,. 



4.724 
6. 


5.512 
7, 


1,343 
1,300 


1,600 
1,132 


3.937 


6.118 


1,200 


913 


C.118 


4.724 


1.1G6 


467 



r4 oylinders in line. 
t6 oylinders in line. 

Irodialstar 



Cost Iron.. 
....do.... 



Steel. 



Head. 

....•do..... 

.....do.,... 



4.831 

4.72 
4.33 
4.72 
4.80 



6.612 

6,61 

4,73 

4.72 

6.61 



1,396 
1,300 



I 1,200 I 



1,664 
1,060 
013 
663 
634 



TTalor-cooled flsod oyllnden.. 
Air-cooled rotatJng cyllndora.. 



■1 cylinders In line. 
,6 cylinders in line., 
Imdialstar , 



Cast iron.. 
....do.... 
Steel 



Head... 
....do., 
....do. 

Head., 
....do. 
....do. 

Heed.., 

do. 

do. 

Head.. 
....do. 

Head.., 



M. 
M. 
A. 

M, 
M 
A 

M. 
M. 

M. 

M. 

M. 

M. 



Daimler 

Aufllro Dainilor. 
Oennan Gnome, 

N.A.G 

Denz 

Pioderlokson... 

N.A.G 

y^iim , 

Lo Rhone , 

Argus 

Clergei , 

Argus , 



4.724 
6.12 
4.88 



6.512 

6.60 

6.01 



1,301 
1,200 
1,200 



1,618 
976 
607 



Water-cooled fixed cylinders . 
Aii^jooled rotating oylindexs. , 



f4 oyllndci3 Inline. 
1.6 cylinders in line. 
1 radial star 



Cast iron. 

do... 

Bteel 



6.316 
4.17 
4.60 



6.294 
5.91 
4.75 



1,344 

1,260 



1,266 
1,261 
680 



"Water-cooled flsed cylinders.. 
Al]>cooled rotating cyllnd^ . , 



r4 cylinders In line. 
[6 cylinders In line. 
1 radial star 



Oast iron., 
....do.... 
Steel , 



4.724 
4.376 
4.13 



4.724 

4.6 

6.61 



1,408 
1,400 
1,200 



1,272 
1,300 



Watep>co6Ied fixed oylindexs. . 
AliKKMled rotating cylinders.. 



4 cylinders in line. 
1 radial star 



Cast iron.. 
Steel 



6.612 
4.724 
4.724 



6.612 
4.724 
6.000 



1,368 
1,180 
1,180 



1,206 
588 
613 



mter-coded fixed oyllnders, 4 cylinders In line Cast Iron, 



4.021 



6.118 



1,342 



1,386 



1 



00 
CO 



284 AEKOlSrATTTICS. 

Here, again, the superiority of the head over the pocket valve 
arrangement, and the indifference of air versus water cooling, are 
demonstrated, but in addition the steel cylinder is shoTvn to be supe- 
rior to the cast iron. As to arrangement of cylinders with reference 
to crank shaft, comparing the four and six in Ime, the 8 and 12 cylin- 
der V, there is nothing conclusive demonstrated, though for the latter 
there are insufficient figures available. Radial star arrangements are 
consistently lighter than the above, not as much as might be esyected 
for fixed cylinders, but quite markedly so for the rotating, which in 
round numbecrs weigh only half as much as the line arrangements. 
It is the^ consistent use of steel for cylinders ba the rotating against 
the cast iron in the fixed star arrangements that is responsible for the 
weight differences reported rather than rotation versus fixity. 

Chrlinder weight must have some relation to the ratio of bore to 
stroke for equal displacements, and the variation of stroke per unit 
of displacement must affect as well the shaft and frame wei^ts. 
The iimckness of tiie cylinder walls should vary directly with the 
diameter for explosion pressure stress resistance, while displacement 
varies directly as the square of the diameter, and directly as strolce. 
The actual ratios of stroke to bore wiH be between one and two, 
the former ©ving a very short and the latter a very long stroke 
enmne according to practice. The short-stroke cylinder wifrequire 
a thicker wall than the long for stress resistance, but the difference 
is so small in view of shop limits and the small diameters that it 
can^ be ne^ected. Even aJlowiog extra thickness, the short-stroke 
engine will be lighter than the long as to cylinder weight and doubly 
so when the increased thickness oicrank and larger crank case neces- 
sary are included. More effect on weight reduction is possible by 
offsetting cylinders than by working to extremes of stroke bore ratio, 
as this reduces the height of engine, especially when the connecting 
rod is shortened as it may be at tilie same time to equalize the side 
thrust friction on the two sides of the cylinder walL This offsetting 
is quite generally practiced, though it is by no means imiversal, and 
weight reduction possible by this means is small. 

Cylinders when cast are cast sometimes sLogly, sometunes two. 
three, or even f omr together, to make up multicyiinder engiaes, and 
this is a factor in weight reduction. Casting a single cylinder com- 
plete with head and cast jacket is the old standard pracmce for small 
stationary engines, and the method first adopted for auto engines. 
Such cylinders simphty and cheapen the construction of multi- 
cylinder engines of different numbers of cylinders to ^ve different 
horsepower units, as the only change required to get a new capacity 
engine is in frame, cam shrft, and crank shaft. When automobile 
engin^ became standardized to the four blinders in line, four crank 
form, it became evident that weight would be saved and compactness 
promoted by casting two cylinders in one piece, the jacket consisting 
of two semicylindncal and two tangent flat plate elements for the 
barrel, and two semicircular and one flat plate nearly square, con- 
necting member for the top instead of two circles. This produced 
a stiff structure which permitted a reduction of frame or crank case 
stiffness, and it shortened the frame and shaft, but required the 
elimination of one main bearing between the cylinders, for which 
with this arrangement there is not sufficient room. As a partial 
offset there is required a somewhat thicker crank and shaft to com- 
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pensate for tlie increased bendiiig moment that f ollorra the spreading 
of main bearings as supports. Ttds practice of casting two cylinders 
enbloc for fomvcylinder engines is equally adapted for six, and is 
quite commonly adopted, though not universally. Aero-engine 
practice foUowed^ in paxt this auto and marine practice for cast 
cylinders of making l^o enbloc, so that the four-crank engine has 
three and the sis-crank engine four main bearings. 

Cylinder removal is facilitated by separate cylinder castings, because 
there are less parts to be detached, and the weight to be luted is the 
least. Separately cast cylinders are better adapted to sheet-metal 
jackets^ so aero enanes departed from automobile two enbloc practice 
m castmg such c;^inders separately and leaving a bearing between 
each crank. The fotu: crank engine then has five, the six crank, 
seven- bearings, and the whole engine is symmetrical. This is per- 
fectly sound and good practice, lor there are no more important 
members t h an the crank shaft and the frame. By this construction 
the maximum stifEness and best distribution of main-bearing surface 
is secured, with least deflection at crank pins, and the exSra shaft 
and frame length is worth the small cost m weight, for the weight 
increase is very smalL Steel cylinders axe always separate and can 
be substituted for the cast cylinders with sheet-metal jackets on this 
type of frame and shaft without any alteration whatever, as may 
also air-cooled cylinders, which by the very nature of the problem of 
air cooling can not be cast in pairs at alL 

IVame form,' for connecting (rj^llnders and main bearings, has a 
very, large influence on the weight per cylinder in multicylinder 
multicrank engines^ because the more direct the stress resistance, the 
less the metal reqmred. As evolved from old stationary and marine 
steam engine practice, the main bearings support the shaft from 
below, the caps being removable upward, which requires a two-part 
frame. The lower frame member consists of a cross web to carry 
each main bearing, and these are tied together by a longitudinal web 
just out of reach of the crank throw, so for a multicrank engine this 
lower frame member becomes essentially a semicylindrical box with 
a semicircular cross partition for each main bearing. The upper 
frame member ties the (ryiinders to this box by another box, or by 
the A form of double column. The latter receives a cylinder at its 
Tipper ring end, and itsClegs seat on the lower frame in the plane of 
the crank path. Thus the stress which is alternately tension and 
compression in standard steam engines, is conununicated from 
cylinders to main bearings in a decidedly roundabout way. The 
same is true of the second or box form of upper frame member as to 
indirectness of stress transmission, for here the upward cylinder 
thrust is received by a flat plate with holes in it, one for each cylinder, 
and this horizontal flat plate transmits it down two inclined semi- 
vertical plates to the ed^es of the cylindrical box of the lower frame 
member, which carries me vertical main-bearing cross webs. 

Single-acting internal-combustion engines are subjected to a frame 
stress from explosion-gas pressures; that is, a pure tension between 
cylinders and main bearings, although inertia of reciprocating parts 
at high speeds on idle strokes may introduce a compression eqmvalent 
to the double-acting steam engine. Aero engines are necessarily light 
and their parts also, so that there is no real necessity for bottom 
gravitational support of the crank shaft, nor for keeping the old 
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scheme of removal throngli end holes in box frames or sidewise tbrougli 
removable colmnns. Aero-engine crank shafts can perfectly -well be 
supported below bj bearing caps^ removal of which permits the shaft 
to drop free. This greatly simplifies the frame which need not be 
more man a short cross web hanging between cylinders under a hori- 
zontal flat plate with holes for each cylinder. This cross web, if cast 
of aluminnm^ can be formed for compression resistance as a column, 
and steel tension rods inserted to relieve it entirdy for the tension 
stress it can not resist. The substitution of steel shapes welded or 
riveted for the alimunum casting is perfectly feasible in such form 
as to equally well serve as struts and ties. Resistance of longitudinal 
bending of crank shaft due to the relative forces at two different 
cyliuders or cranks, is easily resisted by side plates in the cast form, 
or by diagonal latticed braces in the structural form. This means 
the elimination of the old lower frame member entirely and the sub- 
stitution for purposes of indosmre of a mere shell subjected to no 
stress whatever, btit formed solely in the interest of an nnstressed 
oil-tight indosure. 

Aero-enmne frames have not aH devdoped along these liues, prac- 
tically all Deing of cast aluminum and only a few introducing the 
sted tension rod, Green for example, while a great many retain the 
bottom web, leavi^ a hole where the more serviceable npper direct 
web should be. TSiere are no structural-sted frames. Reference 
is made to the illustration in the appendix to frame constructions 
which diould be judged in this light. Modifications 6f frames along 
these Ihies will materially improve the stiffness and life of main bear- 
ings, which should reduce lubrication difficulties as well, for the same 
frame and shaft weights now used, or result in an equivalent weight 
reduction. 

Main bearings are almost xmiversaHy of the jjlain type lined with 
so-called antitaction or white metal, though in a few cases ball 
bearings, which seem ill adapted, have been employed. The thrust 
bearing which is peculiar to aero as compared to auto engines, be- 
cause the useful meet of aU power devdoped hes in prdpeller thrust 
against the frame, mnst be suitably supported by the firame. As 
the loads are not severe, and the thrust not irregular as in main bear- 
ings, but reasonably steady and always in one direction, this offers 
no difficulty. The lon^tuoinal side plates connecting the main bear- 
iog webs, to make the frame stiff as a beam, are equafly serviceable 
in Tnfllnng it serve as a column loaded by propeller thrust, if the end 
plate be suitably stiffened. This end-plate stiffening is all the frame 
modification reqpired to recdve the thrust bearing. 

Aero-engine pistons follow almost nniversaHy the practice in^ auto 
engiaes as to nse of cast iron as a material, but vary in practically 
every other respect. They are invariably shorter and thinner, being 
machined all over as nearly as pin bosses permit, in an effort to 
reduce weight, which in many cases has been carried entirdy too far. 
Unless normal speeds are made higher than at pr^ent, say 1,500 
revolutions per minute, the piston weight can^be considerably greater 
without devdopiog inertia forces ecjual to explosion pressures, 
"^^th present piston weights this equality between explosion pressmre 
and inertia forces is readied about 2,500 revolutions per minute. In 
any case metal sufficient for heat conduction mnst be available, and 
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reduction on this basis becomes legitimate only whm better thermal 
conductors than cast iron, such as almnininn, copper, or the bronzes, 
are substituted for it. Complete substitution is difficult, in yiew oi 
their expansion coefficients and low stress resistances^ but these 
materials can be used as supplementary conductors to stiJl cast-iron 
piston frames. As piston-weights of any one desim increase per 
square inch of piston, the use of a lai^e number (2 small pistons 
r^ults in legitimate piston wdght reduction over a smaller number 
of larger ones of equal area, mth the exception of the brass L sec- 
tion smgle top ring of the Gnome engine, aero-engine piston rings 
diflfer not at all from the cast-iron ring of auto engines. Usually the 
thin lower end of aero-engine pistons is stiffened by an internally 
projecting web, which is an excellent feature and should be retained, 
however heads and upper barrel are increased. Mat heads, being 
structurally weaJc and inflexible, should be definitely abandoned, 
as is also the case with any cast ribs on the under side of the head, 
especially as these are useless in tension and involve shrinkage 
stresses m the making. Downward curviog or concave heads being 
in tension, must likewise yield to the convex upward or domed pis- 
tons such as the Daimler, which, without ribs, is the best possil ile 
form, but these would be much improved by thickening at the edges. 
Wrist-pin bosses, while in a few cases separately attached, are nor- 
mally cast integral, a practice that leads to least metal for strength, 
though the deformation tendency on expansion is imfayorable. * # 

As a partial compensation for the increased unit side thrust due 
to shortening of pistons and use of short connecting rods, there is a 
marked tendency to ofeet the OTlinders an amount recommended by 
Vorreiter as one-eighth the stroke. This is of no assistance whatever 
when inertia forces are as high as they should be, as on Hxe suction 
stroke a side tjunist equal to that developed by gas pressure alone is 
imposed on the other side, so that the symmetncal cylinder setting 
in luie with crank shaft should not be abandoned for this reason. 
Theprincipal value of offsetting is reduction of engine height. 

Wrist pms are properly m^e hollow in some cases to reduce 
weight, while leaving enough metal to resist undue stressing and- 
securing the maximum beanng area for the rod end. They aaould 
always DC hollow. The old baa practice of tapering pin ends is often 
retained, though in view of its natural tendency to work the pin 
toward the big end, to loosen and to score the cylinder, which tend- 
ency is only opposed by excessive locking requirements, should have 
been long ago abandoned. Plain cylindrical-ended pins, of two 
diameters but slightiy different, is the best practice, and. the next 
best is a straight pin or tube locked in the bosses. Bearings in the 
bosses with pins feed in rod ends have never proved satisfactory in 
other engines, and there is no difference in aero engines that war- 
rants a different conclusion. 

Connecting rods follow the usual auto practice in having the wrist- 
pia end solid forged, bored, and bushed, with the old split>-marine 
form of crank-pin end, lined with soft metal, and foiled of steeL They 
are, however, universally of high tension alloy steel of sometimes 
tubular, but almost universally, I section. The special rod forms 
are confined to the rotating cylinder engines with many roda per 
cranky where each engine is characterized by some arrangement 
peculiar to itself, all involving, however, a single bearing embracing 



288 .AJEffiOKAimos, 

the crank pin, to which the other rods are movably attached to allow 
the small relative oscillation of each with reference to this bearing. 
This system^ which for the want of a better name^ may be called the 
master-and-shoe rod-end construction, erven though the name apphes 
to only one form, is adapted to the double rod per crank construction 
of the V engme as a substitute for the separate embracement of the 
crank pin by each rod, either of similar rod ends side by side or one 
straight and the other forked, as the master and shoe results in lower 
mean j)ressures and less friction than the double direct. 

Weight of engine jproperjjer horsepower is, as pointed out, not to 
be secnred by redu<aryg engme metal alone or by raismg speed alone, 
bnt may follow a raising of mean ejBEectrve pressures without any 
change m metal or speea. It may also be secured with the same 
metal by maintaining mean effective pressures with increasing speed, 
or even by lessening mean effective pressures at increasiog speeds, 
provided the latter increases faster than the former decreases. It is 
therefore important to return to the question of mean effective 
pressure and examine it in the light of such axrangementB of engine 
as may affect the weight of cylinder complete per cubic foot of dis- 
placement and the weight of shaft and irame per cylinder. Mean 
effective pressure indicated is entirely a question of port and valve 
size and of port, valve, and combnstion chamber temperatruies. 
The former aSects the weight of charge by pressure <h:op and the 
latter by suction-temperature rise, bnt the latter also limits the 
compression, which is the other factor in mean effective pressure. 
Mean effective pressures referred to^ brake horsepower are tne same, 
except for mechanical friction and in the case of two-cycle engines 
for pump work. Any alternative arrangements or detail form that 
do not mherently increase the suction-pressure drop or the suction- 
temperature rise or do not produce hotter internal combustion-cham- 
ber walls may be made to yield equally high mean effective pressmres 
by the nse of suitable proportions and dimensions of passages and 
chambers. Forms or arrangements of this sort that reduce engine 
weight per cubic foot also directly contribnte to the desired res ultof 
reduction of weight per horsepower. 

According to Miis. a given number of fixed water-cooled cylinders of 
the same size should yield the same indicated mean effective pres- 
sures, no matter how they are arranged, whether, for example, four 
are radial or in line, six m the radial groups of three each or all in 
line, eight in hne or in two fours v connected. Any differences 
actually f onnd mnst be charged to proportions, to carburation, or to 
ignition, and can not be regarded as inherently characteristic of the 

froupiog, though, of conrse, mean effective pressures referred to 
rake horsepower will differ by the difference in mechanical friction, 
which is least for the least product of bearing surface and mean bear- 
ing pressure. The, same is not true for feed air-cooled cylinders 
because their form and arrangement does, to an appreciable extent, 
affect their temperatures, thongh the suction-pressure-drop effects 
can be made the same for all. Iherefore, more differences may be 
justifiably expected among fixed air-cooled than among fixed water- 
cooled cylinders. 

The fixed air-cooled cylinders axe likdy to run hotter than the 
water-cooled cyliuders so their mean pressures would be lower, as 
much so as the cooling is ineffective. 
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Rotating aiivcooled cylinders taking their charge throtigh the 
pistons, probably suffer the greatest of all suction heating effects 
and must be expected to have the lowest mean effective pressures, 
indicated and brake, more so because the windage is added to me- 
chanical friction. 

Automatic suction valves whether used in fixed crjrlinders or ia the 
pistons of rotating cylinders, must always oppose suction by greater 
pressure drops than mechanical valves, each suitably designed, so 
such. engines should have lower mean effective pressures. 

Thick-waHed cylinders and thin-waHed pistons should ran hotter 
than thin cylinders and thick pistons, so differences ia mean effective 
pressure may be expected ia these directions, always subject to 
proper selection of proportions in other directions. 

Speed limits should inherentiy be the same for aU fixed ojrlinder 
engmes, no matter how disposed, so that with proper proportions 
there is no reason why any axrangement shoufd suffer a greater 
falling off in mean effective pressure with speed increase than any 
other, however much the constant high value for one may differ from 
that of another. Rotating cylinder engines are, however, subject to 
lower speed limits than are fixed cylinder macniaes, on account of 
centrifugal forces, though there is no reason why one land of rotatiog 
cylinder en^e should not run as fast as another, nor why all should 
not suffer the same rate of decrease ia mean, effective pressures with 
speed iacrease, as do fixed cyliader engiaes except as windage may 
cause greater losses, referred to brake horsepower. 

Any one type of cylinder and piston will run hotter the larger its 
diameter, so a given piston area in a large number of cyliaders should 
result in nigher mean effective pressures from the reduction, of suction 
heating and the increased compression made possible by the cooler 
interiors. Therefore an eight-cyliader V should be better than four 
or six cyhnders ia line of equal displacement, and the rotating 
CTlinder engiae of several rows and cranks should "be better than equ^ 
(usplacement in one row and one crank. 

Similarly a large stroke bore ratio, favoring smaller piston diam- 
eters for equal displacements, should yield nigher mean effective 
pressures than a small ratio but this difference is necessarily small, 
as reduction of o^inder diameter from 6 to 5i inches, for example, 
can not greatiy aJfect interior temperatures. 

These principles should aH be checked by experimental data and 
can be so checked, but such data have never yet been obtained, 
largely, because such tests as have been made were directed towara 
a comparative judging of engmes in competition, and were not con- 
ducted for discovery of principles of construction. Such results as 
are available are compared in Table 12 with reference to the variables, 
discussed. In the same table are incorporated the figures for thermal 
efficiency which controls the weight of fuel to be earned. This, while 
slightly affected by valve resistmces as is mean effective pressure, is 
dependent primarily on compression for indicated efficiency, and on 
engiae friction and negative work for brake efficiency. It therefore 
is most affected by temperatures of the charge before compression 
starts and by interior temperatures, as these affect the maximum 
compression. As might be expected therefore the differences be- 
tween the thermal ^dencies ^are less than those between mean 
effective pressures. 

26302**— S. Doc 268, 64r-l 19 



TabIiB Xn.— ifean effecUve preature and thermal effldcncUs versus type construction of parts. 



to 

CO 

o 



Cylindera and cooling. 



Wotor-coolod fixed oylindors. 

Air coded: 

Fbcod cylinders 



notatlng cylinders. 



Class ooDstruotlon. 



A cylinders In lino. 
6 oylindors in lino. 



S cylinders, Y.. 
12 cylinders, V. 



Badialfftar.. 

[1 radial star. 
2 radial star. 



Cylinder 
material* 



Cast iron. 
Ldo...... 

Istool...., 

Cast Iron.. 

...do.... 



Hood.... 
/..do..... 
\Ppofeet.. 
Head,... 
/..do..... 
\Pookot., 
do...., 



...do.... 

Steel 

...do.... 



Valvo 
location. 



Head.. 

...do.., 

.do... 



Suction 
valve 
A. M. 



K.. 
M.. 
M.. 
M.. 
M.. 
il.. 
M.. 



Name. 



Ben*. 

Daimler 

Mulflg. 

Bainuor.... 

Ourtlss 

Sturtevont. 
Sunbeam..., 



Anxani. , 

B.M.&F.W... 

Gorman Gnome. 



Boro. 



6.180 

4.734 

4.331 

4.134 

4 

4 

3.54 

3.64 

3.64 

4.13 

4.331 

4.33 

4,72 



Stroko. 



7.037 
6.513 
6.693 
5.512 

ii 

6,91 

4.72 
5.13 
4.D2 
4.724 
4,72 
4,72 



Bovolu- 
tionspor 
minute. 



1,288 
1,315 
1 346 
1 387 
1,100 
3,000 
2,000 



1,360 

1,031 
1,200 



Moan 
eflootivo 
pressure* 



loao 

107 

10L3 

114.4 

107.7 

100.3 

126.8 

76.3 
78.6 
76.9 
66.6 
67.0 
67.3 



Elllclenoy. 



0.20 
.26 
.26 
.27 
.23 

-.24 
.25 

.23 
.24 
.24 
.16 

.21 



WatoiM}ooled fixed cylinders. 

Air cooled: 

Fixed cylinders 



[4 oylindors inline. 
lOoylinderainllno. 

ISoylindorSyV 



Cost iron. 
...do. 

...do. 



Head.... 
...da.... 
r..do..„. 
LPooket.. 



Rotating cylinders. 



Badialstar... 

[ItadialBtar.. 
i2tBdIalBtar.. 



.do.. 



Steel., 
...do.. 



Head. 

...do... 
...do... 



M.. 
M.. 
M.. 
M.. 



Daimler... 

Argu s 

Curtlss.... 
Sunbeam.. 



4.734 
4.031 
4.36 
3.64 

4.18 
4.63 
4.13 



6.613 
6.118 
6 

6.91 

5.71 

6.10 

5.63 

4.748 

6.61 

6.01 



1,412 
1,370 
1,360 
2,000 



1,360 

064 
1,200 



103.6 
101.1 

m.7 

126.6 

83.3 
80.1 
86.3 
76.9 
78.7 
66.3 



a27 
.23 
.25 
.25 

,27 
.25 
.26 
.17 

.21 



Water-cooled fixed cylinders . 
Air cooled rotating cylinders. 



[4 cylinders In line. 
{6 (^dinders in line. 

18 cylinders, V 

1 radial star 



Castlron. 
...do 



...do 

Steel 



Head., 
.do.... 



..do..., 
..do.... 



Daimler.. 
SchrObcr. 
Curtlss... 
Onome... 



6.612 
4.882 

6 

4.331 



6,906 
6.299 
7 

4.724 



1,373 
1,252 
1,100 
.1,194 



M02 

70.2 
101.7 

76 



a28 
.22 
.24 
.17 



Water-cooled fixed cylinders. . 
Air-cooled rotating oylindora. , 




Cast iron,. 
...ao....... 

Bteel 


XT Mil 


xr 




4.724 

S 

5.118 


6,612 
7 

4.724 


1,343 
1,300 
1,166 


107.1 
02,76 
71.3 


0,27 
.21 
.17 


\0 cylinders in line. .......... 


...UO.„.v.. 

ado....*.. 


A 










Alroooled rotating cylinders . . 




Cast iron.. 








4.331 
4.73 
f 4.33 
{ '4.72 
[ 4.88 


6.612 

6.61 

4.72 

4.72 

6.61 


1,396 
1,300 
1 200 
1 200 
1,200 


ioa.8 

94 
67.0 
67.2 
78.7 


0.27 
.26 

1 .31 








Anstro-Dalmler... 
German Qnome... 




Steel 


ado..... .a 








Water-cooled fixed cylinders. . 
Air-cooled rotating cylinders . . 




Cost iron.. 




M 




4.724 

6.12 

4.88 


6.612 

6.89 

6.91 


1,394 
1,200 
1,200 


03 
03 
66.2 


0.27 
.28 
.21 








Anstro-Baimler.a. 
German Qnome... 




Stoel 


ta.dO 








Watejvcooled fixed cylinders. . 
Air-coolod rotating cylinders. . 




Cost iron.. 
...do 

Bteel 




M 


N. A, G 


6.316 

4.17 

4.13 


6.299 

6,91 

6.61 


1,344 
1,260 
1,200 


101 
113.6 
86.6 


0.28 


\6 cylinders in line 


...do 

...do 


ir 


M 














Water-cooled fixed cylinders . . 




Cast iron-. 
...do 


Head 


M 


N. A. G 


4.724 
4.376 


4,724 
4.6 


1,408 
1,400 


94.9 
83.7 


0.26 
.23 






M 












Water-cooled fixed cylinders. . 




Cast iron.. 




M 




6.612 


6.612 


1,368 


100.6 


0.26 










WateiMioolod fixed cylinders. . 




Cast iron.. 


Head. 






4.031 


6.U8 


1,343 


107 


0.23 











Note.— Values Tor mean efieotive prossnre token irom Table IV, where sourco of infbrmation Is slTen. Slfiolenoles calculated from'iael consumption values in Table V, whera 
authorities wIU bo found. 
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There appears to be no consistent difference between the per- 
formance cnaracteristics of steel compared^ with cast iron, as com- 
bustion cihamber materials, wben measm'ed in terms of mean effective 
pressures or tbermal efficiencies. The same is true, as migbt be ex- 

Eected, for fixed^ cylindeiMirarLk: shaft arrangements of four or six in 
ue compared witii 8 or 12 cylinder or star, though the figures for 
the latter do fall off a little. As indicated be£ore, the fundamental 
difference is in air versus wat^ cooling, and Sxed yeraras rotating, or 
crank case yersus direct admission oi charge. Fixed cyliaders are 
always superior to rotating, other things bemg equal, dnrect charge 
admission to crank case admission, and water cooEng to air cooling. 

Reliability of tbe engine as affected by arrangement, form, propor- 
tions, and materials is partly a process question and partly one of 
endurance of structure. So long as the mixture is made regularly and 
properly received into the cylinders, and then treated always the same, 
which includes ignition ana cooling, then the mean effective pre^ure 
and thermal efficiency should remain the same, and the engine continue 
to run indefinitely- This is the process part of rehability. It is 
equally necessary, however, that no part shall break or fastenings 
loosen, and that bearings shall neititier seize nor wear too fast or un- 
evenly. Breakage means immediate involuntary stoppage, and 
loosening^ or beanng trouble a more or less fast approach to a stop- 
page, wmch, if anticipated, may be voluntary, or if not, a stoppage 
essentially the same in immediate effects as a breakage. 

There is no excuse to-day for any greater number of breakages of 
aero engine parts than of similar parts of other engines^ provided the 
same amount of sldU and foresight in design and construction are 
exercised. The fact that the consequences of breakage are so much, 
more serious in the case of the aero engine than in any other is suffi- 
cient reason why the breaka ges should be even less than on any other, 
and should not exceed those that could be called pure accidents be- 
yond the utmost sKll and care. It is, however, undoubtedly a fact 
that stress anal3rsis, skill; and material data, for operating conditions, 
are far less generally applied to aero engine design than to other im- 
portant classes of machmery. This is partly because the youth of the 
art has kept the inventor in the foreground and the computer behind, 
but largely through lack of riridity of requirements by purchasers and 
lack of finanpal support of tne busing. If the business of aero en- 
giae production were large and regular, or Government supported, it 
could not only afford to pay experienced stress analysts, metaUuj^te, 
and material investigatora, but would be forced to jdo so. 

Breakage prevention is therefore almost entirely a ijuestion of 
money, and of realization that design is not purely invention. It is, 
however, somewhat a question of aorangement and form, for, as has 
been mentioned, from time to time some arrangements or forms lend 
themselves better to design for assurance against breakage than do 
others, or some promote a reduction of seriousness of the consequences 
of breakage, if it does occur, through pure accident. An illustration of 
this latter point is the case of the rotating cylinder arrangement versus 
the fixed. Breakage of a cylinder fastening means a throwing off of 
the mass under the influence, not merely of the gas pressure out of 
centrifugal force as well, and with a good possibility of much more 
serious consequences for the former. iSven the breateige of one of the 
radial valve tappet rods wiH cause a loose end to fly out and whip 
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"tlirongh the supporting structure. Such is believed to have been the 
cause of •wreckirtg a British machine in flight and causing the death of 
ihB two passengers. Partial ruptures sum as cracks in piston and cyl- 
inder are preventable by proper cooling, but the substitution of steel 
for cylind!ers directly contributes to tms result, aa does arching of 
pistons, the former a contribution of materials and the latter one 
of form to structural permanence. Complete ruptures axe probably 
more common in valve stems and other small parts than in the main 
elementa of frame, shaft, cylinder, piston, and rods, indicating lack 
of care or insufficient expenence. 

All such things are to be eliminated by organizati6n, supplemented 
by time and by long periods of operation of experimental engines, 
run under specified unfavorable conditions to complete destruction 
of any one part under investigation, such as a valve and stem, or of 
the -wnole structure. Testing to destruction is the very best way to 
Accelerate experience without danger to anyone. As m the case of 
the other illustration cited, however, form can contribute something 
to the reduction of consequences of breakage, and in the case of the 
stem of the head valve, this has been attempted by placing the edge 
of the valve seat slightly over one side of the cylinder bore in an offset, 
or complete enlargement of diameter at the clearance and with the 
valve curde tangent to the bore. Should a stem break, the valve will 
drop to the cyhnder shoulder instead of on top of the piston, which 
smashes it or itself, provided the break is high enough upon the stem 
so the stem does not emei^e from the guide. Otherwise the result 
is quite the same as if the shoulder were not present, except that a 
larger diameter of valve is possible than without such extension of 
the bore. This valve trouble is supposed to be quite prevented by 
side-pocket location of valves, but is not, because should the valve 
drop into the pocket there is every chance of it sliding over on the 
piston under tne influence of a suction stroke, especidly if the flat 
bridge inclines downhill, as it usually does in smgle cam shaft V 
engines, for example, though placing the valve on the opposite or 
downhill side would prevent it, but would require two cam shafts. 

Prevention of undue wear on shaft and pin bearing surfaces is 
entirely a question of bearing pressures and lubrication. These 
bearing pressures are aH subject to pretty accurate determination by 
computation, so the design of an engine with excessively high bear- 
ing pressures, judged by general machinery bearing experience, is a 
pure technical mistake, not to be excused by the addition of elaborate 
forced systems of pump oil supply. Bearings should be large enough 
to not need elaborate special om or oil-apphcation systems, out these 
should be added to make assurance doumy sure, in short; as safety 
attachments, not as essential elements. Weight reduction secured 
by cutting down main and pin bearings is too dearly bought to be 
worth the price. Cyliader and piston bearing wear, while mvolving 
the same elements as main bearmgs, have to endure the additional 
difficulty-of high temperature, but this is not serious if due attention 
is paid to the principles of heat abstraction. Violation of these 
principles, coupled with a rise of side thrusts, aggravated by side cock- 
ing that loUowB undue shortening of pistons, is another case of pure 
n^jleot. Pistons should be as long and as thick at the top as is con- 
sistent with weight-speed limits, and where observance of these 
limits fails to reduce the pressures and temperatures to values known 
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to nm properly in other en^es, then definite special remedies con 
be suggested, only one of -which is excessive use of lubricating oil and 
the last to be adopted instead of the first. 

Seizing of running parts at bearing surfaces is entirel;^ a question 
of relative size or of cleaxances, and its prevention a question of main- 
tenance of the cold clearances after the parts become heated, "vvhich, 
of course, is least necessarVj the better the provision for abstracting 
and dissipating the heat derived from combustion or developed by 
friction. Next to cooling^ \vhich in main and crank j)in bearings is not 
attempted, though it might well be, and which in cylinders and 

Sistons is their big problem, material selection is most important, 
ome materials have low relative ^frictional coefl&cients for their 
lubricated surface and are properly related as to thermal expansion. 
Nothing better than the soft-metal lined or bronze can be found for 
steel shafts and pins, especially as these expand more per degree rise 
than the steel, so heating tends to loosen ana oppose seizing by assist- 
ing lubrication, which by lowered oil viscosity tends to become less 
effective. The boxes must, however, be stiff enough to really dis- 
tribute stress. Piston and cylinder bearing surfaces are somewhat 
more difficult, as the outer part, the cylinder, is normally much cooler 
than the inner part, the piston- The temperature difference is greater 
the thinner "flie pistons, and the difference is much ^eater than in the 
case of the standard box on the pin or shaft. It is, therefore, more 
necessary to care for these dearances. This is done when the ma- 
tOTiaJs are the same, cast iron on cast iron, by making the initial 
dearance h^h, far higher than would be feasible on snafts. This 
tends to promote side knocks and leaks at part load. For equally 
good cooling the steel cylinder with cast-iron piston gives about the 
same expansion rdations as do the bronze box and sted shaft, but 
not such good antifriction qualities. Sted sdection and heat treat- 
ment win undoubtedly lead to improved antifriotional results, perhaps 
even equal or superior to cast iron, after proper research. Tbas seems 
to be a rational and promising line of development, especially if the 
cylinders are kept symmetricSi, as thej can be with head valves. 

Rdiability so far as carburation, jgnition, mixture distribution, 
and cylinder treatment processes are concerned, has already been 
discussed. Any derangement whatever here leads to impaired 
power output or increased and perhaps very much increased fud 
consumption. Serious derangement of these processes means stop- 
page even though the whole engine structure be perfect. Most 
operating troubles are directiy traceable to these process derange- 
ments, -OTudi if suffident in degree, mean stoppage, and even if sli^t, 
constant tinkering and anxiety. 

Adaptability of an internal-combustion engine to aeronautic service 
is promoted by certain features^ of the engme that play no part in 
metal reduction^ in mean effective pressure and efficiency increases 
or in its reliabflity, though of course low weight of engine and of fud 
per horsepower are themsdves adaptability factors, as is also any 
dement of reliability. 

General external shape and position of points of attachment are 
subject to 'a far wider range in aero than m auto engines. In one 
respect aero adaptability imposes a direct requirement, that of end 
shape for le£^t head resistance. Engines directly exposed to the air 
or their casings when covered, have a rdative movement always 



AEBOWAUTICS. 295 

approaching, and sometimes exceeding, 100 miles per hour* This 
mTist always impose a resistance widen is larger, the larger the end 
area facing the direction of flight and the less smooth, tne exposed 
surfaces are. In this respect the rotating-^yiinder engines are by 
far the worst and the single Ime of cylinders of the auto type of multi- 
crank engine is best, neany twice as good as the V engine for example, 
Air-^oled engines if similarly arranged to water cooled offer more 
head resistance except for the radiator of the latter which may be 
very highly resistant but is not necessarily so. But apparently the 
requirements of low head resistance is losmg in importance, at'least 
for war machines, since in these the fuselage is roomy enough gen- 
erally to accommodate any type of engine. 

Ease of starting and a control of speed are also required of aero as 
of automobile and boat engines, but with some elements of difference. 
Electric self-starters with generator-motor and storage batteries are 
prohibited by weight limits, for even if the craft could carry them 
their weight would be much better disposed in the engine by adding 
either more horsepower of the same unit weight, more fuel for the 
same engine to make longer flights, or for equal flights and engine 

i)ower by using a heavier Duilt and therefore less sensitive engine of 
onger life, mien starting fromtthe ground a starting crank on the 
shMt end often would be inaccessible and even if it were within reach, 
engines of hu^e power could not be hand rotated against their normal 
compression. It has been a general practice to start these engines 
by hand turning of the propeller blades, a practice that is most 
dangerous, does the blades no good and certainly requires an extra 
man because at the moment of starting the operator must be in his 
seat. All hand-starting difficulties are removed if the compression 
is relieved and the accessibility of a starting crank can be met with 
equal ease by a chain and sprocket having a self-releasing ratchet 
and hand crank on a short auxiliary shaft, near the operator's seat. 
It may therefore be regarded as necessarjr that aero engines, cer- 
tainly the larger ones, and tMs means most of aU if not a]l of those to 
be built in the near future, be provided with compression-release cams, 
equivalent to those so long used on hand-started stationary engines 
and lever operated from the seat. This same compression release 
gear will serve as a speed control, should roeed variation be neces- 
sary, by permitting escape of part of the charge though, of course, 
witn waste of gasoline. It serves as a supplement to the throttle 
valve of the c^ureta, and which is not so wasteful of fuel. Speed 
reduction by spark retardation should not be practiced on aero 
engines, though a starting retard is necessary, automatic or manual, 
because of the serious overheating effects that follow, and aero 
ei^nes at best are hard enough to keep cool at their hign speeds. 

Muffling may be regarded as a necessity, however much free 
exhausts nave been used in the past, and whatever unfavorable 
we^ht and power effects are imposed must be regarded as warranted. 
Noise from the exhausts of so many cylinders operating at high 
speeds becomes a loud roar. There are at 1,200 revolutions per 
minute from the 20 cylinders of the Le Rhone engine, for example, 
600X20 = 12,000 air impacts per minute, and at 2,400 revolutions 
per minute tne ei^t cyliiiders of the Sunbeam engine give 1,200 X 8 =« 
9,600 impacts. With such a disturbance clope to him no operator 
can be expected to keep his head as clear for the serious busmess of 
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flying ^ if the noise were absent. To detect engine defects by the 
noise changes in the machine before they become serions is absolutely 
impossible, though this is the maia reliance in operating any oflier 
kind of machine, i^ree exhausts must be classed^ therefore; not as 
annoyances but as preventers of engine-trouble detection, no matter 
-what the type of machine, and for military machines they are the 
finest kind oi approach signal to the enemy, oeing audible long before 
the machine is visible. 

Mufflers can be made, due to automobile development^ that are 
quite effective -with no more than 2 pounds per square mch back 
pressure, and possibly less. This will reduce engiae output 2 per 
cent if the mean effective pressure is 100 pounds per square inch, as 
it is in aero engines, less than 2 per cent for hipier, and more for 
lower mean pressures. The weight increase is almost negligible, 
being between one-tenth and two-tenths of a poimd per horsepower. 

Just as soon, however, as mufflers are demanded as a necessity the 
rotating cylinder engine must be changed or abandoned, as normally 
tie exhaust valve is placed in the center of the head, usually held 
in place by an open cage screwed to the cylinder, discharging directly 
into the air. To attach a muffler will require a change of the cage 
to a closed form with pipe attachment and additional cooling to keep 
the now inclosed valve as cool as the open one. The muflSer would 
have to be disposed symmetrically about the shaft and inwardly 
radial pipes held agaiost centrifugal force at the muffler, fitted to the 
exhaust cage by shp joints. These pipes must, moreover, be circum- 
ferentially supported to prevent distortion by variable angular 
velocities, ana they will impose additional windage resistance. The 
net effect wiU be a greater reduction of power and a greater increase 
in weight than muffler attachment imposes on fixed cylinder engines. 

It goes without saying that no aero engine with tanks and connec- 
tions complete is adapted to its purpose if tilting even to very con- 
siderable degrees interferes with its operation, and if it stops on 
tilting to any ande that is remotely possible in real flying it certatoly 
must be rejected as failioff in adaptabihty. There is considerable 
uncertainty as to the angle and direction of tilt that aero-engine 
adaptability requires, but the 15*^ required in tiie German and British 
contests seems to be a very modest requirement. No one wiU deny 
that tiie greater the angle of tilt and the more independent of direc- 
tiouj the better the adaptability factor. The conditions when tilting 
in flight may be quite different from those existiog in a tilted engine 
at rest, especially when the motion is in curves developing centrifugal 
forces in all masses as well as in the lubricating oil and fuel feed 
system. Therefore, in considering engine independence of tilting, 
rapid change of motion as to speed and direction, but especia^ 
direction, must be included. 

Any changes of direction of motion that the planes coiild withstand 
can have no appreciable effect on the motion or friction of the moving 
masses, but the effects on lubricating oil in the crank case or separate 
tank or pipes and on the gasoline m the carburetor float chamber, 
tank, and pipes may easily be as great as in extreme tilting. It is 
quite possible to ioaagine a resistance to flow, for example, purely 
gravitational or purely centrifc^al, or both, great enough to cause 
engine trouble, in the one case fiom failure oi the carburetor and in 
the otiier from overheating of bearings robbed of oil, or from flooding: 
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of combustion chambers whose pistons get an excess. It is likewise 
possible that the water-circulation system be similarly deranged by 
opposition- to circulation, causing steam to generate in a jacket, 
expelling all water, and causing an overheating, with a possibility of 
a crack, or by a drainage of water from the radiator vent. It an 
ei^ine could so be designed that it could work on end, lying on its 
side, or even upside down for a short time, but pref erabl;y; iadefinitely, 
this would be the ideal. No such possibility is in sight, thoum 
engines are now operating in machines moving in curves and circles, 
innorizontal planes, turning the engine on its side, but centrifugal 
force replaces gravity and no flows are disturbed. Similarly, looping 
or circle flying in a vertical plane turns the engiae so that it operates 
first on end and then upside down, but, as before, the centrifugal 
force replaces gravity. Such is not the case, however, in a steep 
climb or descent nor in the uptilting of one end of the plane due to 
wind gusts. Here gravity flows are disturbed by the amount of side 
and end angle. Crank shafts and pin beariogs must receive new 
and end thrusts which are not difficult to handle if they aH are 
properly joumaled. 

&ank-shaft torque that is most uniform is best adapted to pro- 
peller drives, as these propellers being made of wood for hghtness may 
De broken by sudden torque changes. Such changes also reduce the 
average propeller efl5.ciency and produce reverse rocking forces ia the 
machme frame. Any engme wltn insufficiently steady torque for pro- 
peller safety and for mamtenaace of high average ^ciency may be 
adapted by addition of sufficient fly-wheel effect between engine and 
propeller. The same fly-wheel effect increases the crank-shaft tor- 
sional distortion and crank deflection and adds to engine weight. 
Engiaes that can give sufficientiy uniform torque for the purpose 
witnout fly-wheels must displace others, and while the four cylinders 
in line engine seems to serve, it is true that the effort falls to zero 
on dead center. Anything less than four cylinders is out of the ques- 
tion, because the gas-pressmre effort is entirely absent for a part or a ♦ 
whole stroke or more. Increase of number of cylinders over four 
makes the actual effort or resultant tangential force due to com- 
bined gas pressure and reciprocating inertia forces depart less and 
less from the constant mean effort and minimizes the angular 
velocity variations of the propeller without any other fly wheel 
than itself. From this standpoint the more cylinders the better, 
though from others discussed this is not the case. 

Arrangement of a given number of cylinders radially about one 
crank produces the same torque curve as the same cylinders in hne, 
provided their cranks in the latter case are separated by tiie same 
angles as their cylinder axes in the former, when, however, these 
<grEnders in line nave cranks parallel in pairs, as in the four and six 
crank arrangements, the torque will not be as uniform as when these 
are radially disposed about one crank. It appears, however, that tiie 
6 cylinder in Ene, 6-crank arrangement, in which the torque never 
drops to zero, is quite uniform enough lor practical work, and the 8 
andr 12 cyhnder V arrangements are progressively better. There is 
no reason for adopting the radial arrangement if, as is the case, 
other objectionable elements are introduced, because the above ia 
good enough and anything better not worth another disadvantage* 
Comparison of turning efforts for any aarangement of cylinders and 
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cranks is easy if they be plotted to a crank angle or crank path 
base by the usual standard methods. Many of these corves have 
already been worked out and may be found in the hterature, including 
the inertia as well as gas-pressure force eflfects, and for such reference 
is made to the bibliograpny in the appendix. In no case may a fly 
wheel be introduced in aero engines to dampen torque vanations 
because of weight limitations. 

Balance of reciprocating parts in view of the light and flexible char- 
acter of the engme supports which are part oi the flymg-machine 
structure, is probably the most important of the adaptability fac- 
tors, because lack of balance means free shaking forces or moments 
on the whole systeni, and these being regular and periodic may 
periodically synchronize with the natural periods of wires, struts, and 
beaans, and so cause displacements of such increasing amplitude as 
may be responsible for rupture. In no other engine, including the 
automobile, motor boat, and even the light shell of the racing boat, 
which comes nearest, is the support so &il and of such smaM mass 
capacity for absorbing vibration forces. Therefore, all unbalanced 
forces or couples ana the full displacements or vibration of the 
engine as a unit are commxmicated directly to the flying-machine 
structure practically without any modification. Moreover, aero 
engine weight being so small in comparison with other engines, its 
own mass resists msplacement by its free imbalanced forces and 
couples less than any other. For these reasons good balance is 
essential to aero engines, but absolutely perfect balmce is not. 

Shakinff forces and moments in engmes are due to both recipro- 
cating ana rotating masses, and vibration or rocking is the result of a 
failure to balance these forces and moments. Shaking forces due 
to rotating masses can be balanced perfectly by other rotating 
masses disposed on opposite sides of the shaft center with proper 
nmnerical relation between centers of gravity, radii, and weights. 
If the plane of rotation of the original rotating mass is not the same 
as that of its balance weight or weights, then there will be an unbal- 
anced couple even if the centrifugal forces are in balance, unless 
balancing masses be disposed proj)erly in separate planes, themselves 
properly related. Due observation of these simple and well-known 
relations make it a perfectly e^y and simple naatter to balance 
rotating parts of an engine by adding suitably disposed extra rotating 
balance masses. Such dead balance weights are, nowever, prohibited 
by the service requirements of least weight per horsepower, so the 
actual rotating working parts must themselves be so disposed as to 
balance each other. These parts include the cranks, craaik pins, and 
rod ends principally, but also such small parts as the cams. If 
cranks, pins, and rod ends are balanced, other minor rotating parts 
may be neglected, though they set up inevitably some small Miaking 
"forces, especially as the speeds are so nigh, and these forces vary with 
the square of the speed. 

Accordingly, to balance centrifugal forces and couples, due to 
cranks and tneir attached rotating masses, of fixed ajrlmder enmnes 
similar cranks must be suitably msposed with reference to the first. 
To avoid unbalanced couples with balanced forces more than tw^o 
such cranks are necessary and in different planes. Two similar 
cranks at 180**, three at 120®, or any number equally spaced will 
result in force balance, because each introduces an equal force vector, 
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and, the sum of the vector ajigles being 360°, these vectors will form 
a closed equilateral force polygon, wmch means, of course, a zero 
resultant. Each set of such ^ually spaced cranis is characterized 
by a free couple, to balaace which a sinmar aad opposite couple must 
be introduced by adding a similar set of cranks with equal but 
reversed angular spacing. 

Applyiog this reasoiong to fixed cylinder engiaes, it appears that 
the least number of cranks that can rive couple and force balance is 
four, set at 0°, 180*^, 180"^, aad 0"^, ana the next smallest number, six, 
set at 0°, 120°, 240°, 240°, 120°, and 0°, Of course any multiples 
* of these four and six crank arrangements will also yield such balance. 
This indicates a condition of ioieriority of the fixed (gdinders star 
engine with many CTlinders dreumfOTentially disposed about each 
crank, compared to iiie. single-row and double-row V engines of equal 
number of cylinders. These star arrangements must have as many 
multicylinder stars, each working on its own crank, as the single and 
double rows of parallel arrangement has cylinders, in order to secure 
equally good rotating mass Dalance. This would impose on such 
fixed star cylinder engines an excessive number of cylmders, unless 
crank counterbalance weights were introduced, with consequent loss 
of the weight advantage otherwise due to the star arrangement. 

Rotating cylinder star engines are peculiar, because with fixed 
cranks all parts of the engine are rotating — cylinders and frames in 
purely circular paths, pistons and wrist-pm ends of rods in a sort of 
oval path, while crank-pin ends of rods are fixed. According to 
this the cylinder and frame are in force balance when axis angles are 
equal, and all being in one plane there is no unbalanced moment. 
The centrifugal force due to the rotation of the piston is a maximum 
and radially outward when the piston is at outcenter, and a minimuni 
at the incentef position with r^ular symmetrical gradations between. 
The net effect is a resultant force constant in amount and direction 
acting radially outward along the crank and exerting a lifting action 
if the crank points up, but not producing any vibration so long as 
the speed is constant. From the balance standpoint, therefore, the 
rotatmff star is superior to the fixed star arrangements, but is no 
better than the four and sis: cranks and their multiples with parallel 
rows of cylinders. 

Reciprocating masses of fixed cylinder engines, such as pistons, 
wrist pms, and an appropriate part of the connecting rod, develop 
inertia forces for uniform rotary motion of the crank that can be 
expressed by an equation of the form of Fourier's infinite series, each 
successive term bemg proportional to a trigonometric function of a 
multiple of the angle of rotation from inner dead center and to in- 
creasmg powers of the ratio of crank to connecting rod length. The 
reciprocating inertia force of one set of reciprocating parts is there- 
fore the sum of an infinite niunber of forces of different periods or 
frequency, the first being leanest and its period that of an ^gine 
speed, each successive one being smaller and of longer period. These 
reciprocating forces and the couples due to them must be balanced 
perfectly if possible; and if not, as well as possible. The forces due 
to valve and valve-^ear reciprocation with accelerations determined 
by cam form may be n^lected, though of course if these could be 
balanced in a simple way it would be desirable. 
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Balance of main reciprocating forces is possible only by^ opposing 
equal and opposite masses of e<jual simultaneous acceleration, or by 
arranging reciprocating masses m groups, so that the vector sums of 
their mertia forces become zero. There is, however, a partial balance 
possible by the use of crank counterweights or otherwise disposed 
rotating masses frequently used on stationary and locomotive engines, 
but normally prohibited on aero engines, on the principle of exclusion 
of all dead weights, even for balance purposes.^ A rotating crank 
connterweight exerts a radial centrifugal force which may be resolved 
into an axial and a right-angle component. This acsial component 
may be made equal to iiie first-penod inertia force, and, bemg, of 
course, opposite, it serves to bsSance this force. The iight-angle 
component is, however, left and of equal intensity, and so, of course, 
are all higher period inertia forces. Such counterweights are there- 
fore quite useless alone for flexibly supported engines, though when 
nsed with one particular combination of pistons and cylinders they 
become serviceable without very great weight increases. This special 
case is that of two cylinders set V at 90°, for here there are two first- 
peiiod inertia forces at right angles, which are in balance with one 
counterweight^ of mass Equivalent to one of them for first^period 
forces, though higher period forces are still free. 

As first-period inertia forces are similar to the axial components 
of rotating centrifugal forces, asnmlar grouping of multiples serves to 
produce balance ^ects. Such, for example, is the case with the 
four parallel cylinder four-crank arrangements in which, without 
balance masses, the "first-period inertia forces are balanced, and, of 
course, also in the 8-cylinder V, which is a duphcation of similar parts. 

All combinations of arrangements of reciprocating parts for 
parallel, fixed star, and rotatmg star cylinders can be exsimined 
mathematically or graphically, and most of the proposed arrange- 
ments have been so studied and are reported in papers and books 
noted in the bibliography of the appendix. Of these perhaps the 
most elaborate is that of Kolsch in his book published in 1911, where 
conclusions are reproduced on mass balance of both rotating and 
reciprocatiog parts. Engines that are in complete mass balance 
without introduction of balance weights include the fixed cylinders 
6, 8, 12. and 16 in a row each with its own crank, the 12 and 16 in two 
rows V with two cylinders per crank, the two cylinders opposed 
axes in line with two cranks and its multiple, and all rotating star 
cylinder arrangements having four or more OThnders per star. 
Those that axe balanced for rotating masses and for the first period 
reciprocating mass forc^ but not higher ones, without balance 
weights, incmde the fixed cylinder engines of the four parallel cylinder 
four-crank arrangement and its twin or 8-cylinder V. 

Introduction of balance masses gives complete balance to fixed 
cylinder star engines of four or more cylinders and a balance of fibrat- 
period reciprocating inertia forces but not of higher ones to the 
2 and 4 cylinder V and the 3-cyhnder fixed star radial. This 
fundamental need of balance weimts for fixed radial cylinders is 
also mathematically demonstrated by Miluer, who says: "The 
engine will be completely balanced lor primary and secondary 

forces by a mass times that one of the pistons ("ft =« number of cyl- 
inders") and diametrically opposite and same radius as the crank. 
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Of course this is in addition to the mass required to balance the 
rotating parts of the engine. The rotating cylinder engine ordinarily 
has one connecting rod heavier than tbe others whicn. itself makes 
perfect balance impossible. 

More cylinders and cranks than are necessary to give the required 
torque constancy, or the required balance, or the total power 'within 
the cylinder diameter limit can not be accepted. Each additional 
individual cylinder carries with it sources of additional trouble 
and iacreases the chances of unreliability, however much the con- 
sequences of failure may be reduced.^ Tjie least allowable number 
on this basis appears to be 4 fixed cyliuders ia liae or radial fixed or 
rotating. The maximum should be 6-cylinder 6-crank in line for 
balance or fr-cyliuder V for^ torque, bom advantages being equal 
in the 12-cylinder V, or twin 6. Of course the rotatrog cylinder 
engine of equal number of cylraders and symmetrical parts is just 
as good ia torque and balance, and even a lesser number down to 
four equal ia balance, though deficient ia torque, but these rotatiog 
cylinders are ia no way superior to the above arrangement. Stars 
feed cyliaders of equal number are equal in torgue to the same 
number rotatiog if sirfiflarly disposed, but inferior m balance unless 
rotating counterweigbts are introduced, in which case equality 
results. 

CONCXUSIONS AND BECOMMENDATIONS, 

In the following brief statement of recommendations and con- 
clusions, which are presented in the form of a list, no effort is made 
to develop ao^iiments ia support of each because it is -believed that 
the text and appendices of the report themselves serve as sufficient 
support. No specific type of engiae, form of part, material, or 
design constant is recommended, because it is believed that atten- 
tion at this time must be directed mainly to methods of procedure 
that will lead to improvement. Natumlly specific recommenda- 
tions on design could oe made, and these will oe available at such 
time in the future as they may be desired. 

1. The art has developed several typical arrangements of eiigine 
and several different designs of each type that may be regarded as 
of proven acceptability as to weight per -horsepower of engine and 
thermal efficiency, but which require considerable work to perfect 
and standardize m detail and material without any further inventive 
work than properly constitutes part of the normal routine of research 
and designing engineers. These types are the 4 and 6 cylinders 
in line, each with its own crank, the 8 and 12 cyliader V wifch. two 
cylinders per crank, all fixed cylinders and operating with both air 
and water cooling, preferably the latter, for long flignts, and finally 
the radial star rotaliiag air-cooled cyHnder form for sbort flights. 

2. There have also been developed, a very large nmnber of special 
designs of engine, which in some instances nave been built and used 
but m others remoia mere suggestions. Each one of these is prac- 
tically an invention in itself, the precise practical value of which 
remams more or less in doubt. To properly develop the good points 
of these and other inventions to come, and to reject or eliminate 
unfavorable elements that are always present in new machines that 
have not yet stood the test of time, much work must still be done, 
quite independent of the research work so necessary for final porfec- 
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tion and standardization of the now acceptable and more or less 
largely nsed types noted above. 

3. Direct gorenunental aid is an absolute necessity to the art, 
both for tihe perfection and standardization of accepted types and 
for encouragement of further invention. Private contnbutions 
should also be encouraged, whether for use in connection with the 
govermnental establishment or independently. 

4. There should be a regular buying program providing for the 
purchase of a fixed minimuTTi ninnber of aero engines yearly, to en- 
courage existing engine builders to spend the money necessary to 

roduce what is wanted to meet aviation specifications^ because the 
est shops will not enter the field without some defimte assurance 
of a fixed amount of business, for which they are, however, quite 
willing to compete. 

5. Ine aviation engineers should standardize service specifications 
for engines, limitjug the specifications strictly to those items that bear 
direct^ on service, so desiOTiers and biiilders may know definitely 
what conditions must be fuBSUed without being hampered with pw- 
poseless limitations as to the means to be used by them. 

6. The Government should conduct regular annual test compe- 
titions of enguies on rules to be prepared and widelj published at 
least 10 monSis in advance, and revised yearly immediately following 
the dosing of the previous contest. For those eimnes that make the 
best records, substantial rewards must beprovided in the form of 
cash prizes, or buying orders, or both. These cash prizes may be 
provided by Govenunent appropriation, by private* contribution, or 
both together. 

7. There should be established a standardization research labora- 
tory with a permanent staff of engineers selected for efficiency. This 
staff should conduct the competition tests, over not more than two 
months of the year, including the reports, and during the rest of the 
time should carry on tests for design and performance data of every 
engine of the accepted class not^d m No. 1, but of no others. O^er 
engines are to be admitted only on the recommendation of a second 
laboratory staff devoted to development of invention noted in No. 8- 

8. There should be established a laboratory for development of 
inventions submitted by anyone, when those inventions seem prom- 
ising. This staff must be quite independent of that of the standard- 
ization research laboratory noted in I^o. 7j and should preferably be 
located in quite a different place. Its engmeers should be, in ability 
and temperament, quite diJaerent as well. When in this laboratory 
an engine, engine part, or accessory not in the accepted class, has 
been brought fi> a condition where its performance is equal or superior 
to what is in the accepted class, then it may be recommended to the 
standardization research laboratory for further study and perfection. 

9. In at least one of the Government shops, possibly located in one 
of the navy yards, actual construction oi engines of the accepted 
dasses should be imdertaken on about the same basis as is now fol- 
lowed for ships, the military shop competing with civilian shop in 
price and penormance. Saf^uards must be introduced to prevent 
any discouragement of private enterprises or charges of unfairness in 
this competition. 

10. Officers and enlisted men who may be charged with the care 
of aero engines in service should be assigned to duty, first, in the 
Government aero engine shops, then in both the standardization 
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research and the invention development laboratories, and finally in 
the engineering office noted in No. 11, for instruction. 

ll'. There should be established a staff of supervising and designing 
engineers for internal combustion engines. This staff should prepare 
all purchasing specifications, prepare enguie test competition rules, 
receive and use dl standardization data 6om the laboratory, exerdse 
general direction over both the laboratori^, and prepare detailed 
dravTings for the shops. 

12. uiere should be established the closest possible relation be- 
tween aero-engiae development and that for other classes of internal 
combustion engines ia which the military now has or may in the future 
have an interest. Among these are included submarine engines, ship 
and launch engines, autoraobiles and auto trucks, gun ana transport 
traction engines, and stationary electric generation sets for wireless, 
mine firing, searchlights or general service. The same designing 
staff, laboratories, and shops that should be established for aero en- 
gines can also advantageously undertake similar work for these other 
mtemal combustion engines, as most of the fundamental training, 
knowledge, data, metho£^ and skill required for the one is also of equal 
service to the others. Similarly, officers and enlisted men of those 
other branches of the service can be given adequate instruction by 
temporary assignments to the shop, laboratories, and engineering office. 

13. Publicity of data should be promoted by govemmentalpubli- 
cation of reports to keep alive the general interest in the needs of the 
Military Establishment in the internal combustion en^e field, 
because the OTeater the interest the greater the contributions of the 
profession. This publication may also take the forin of papers pre- 
pared by engineers of any of the various staffs and presented to the 
national engmeering societies. Not only should domestic results be 
thus given jpublicity, but all foreign papers and official reports of 
value should be translated and republished. Whenever data is 
regarded as being strictly military in value and where publication is 
therefore deemed inadvisable, such material can, of course^ be with- 
held, but it is believed that in general both Army and Navy have 
more to ^ain than to lose by publicity of engineering data on engines. 

14. It IS regarded as of the utmost importance mat advant^e be 
taken by the Government of the service of such civilian engineers as 
have givenspecial attention to the study, commercial development, and 
use of internal combustion engines of all classes, and more particularly 
those not engaged in manufacturing, though not excluding tnose of high 
professional standing that may be so engaged. The special knowl- 
edge^ skill, and experience that these men canbring immediately to the 
service of the MQitary Establishment should prove as invaluable here 
as it has abroad, in G^ermany, for example, first in OTgenmng the 
various working staffs recommended above, and later in working with 
them. Advantages may also be taken of the laboratories of such of- 
the engineering schools as have specialists of the above type on their 
faculties, or as may be- located in large centers where "such men not 
associated vrith engineering schools may have their r^ular offices* 

16, No recommendation is made on the details of the oi^anization 
of these various staflfe and their coordination with the existing Army 
and Navy Departments and bureaus except as to necessily. 

Note. — Part 3 omitted. See note on Preface, page 187. 
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